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ABSTRACT 


This report presents a state-of-the-art survey on selected aspects 
of fundamentals of deformation characteristics of adhesive-bonded 
joints and metal-adhesive interfaces. 

The report is divided into three separate parts: 

Chapter 1: Fundamentals of deformation and Fracture of Adhesive- 

Bonded joints. 

Chapter 2: Mechanisms of Deformation of Metal-Adhesive 
Interfaces. 

Chapter 3: Conclusions and Recommendations. 

Chapter 1 covers the following subjects: 

1) Theoretical analyses of elastic stress distribution in adhesive- 
bonded joints. 

2) Experimental stress analyses of adhesive-bonded joints. 

3) Rheology of adhesive-bonded joints. 

4) Fracture of adhesive-bonded joints. 

5) Effects of loading and environmental conditions on deformation 
and fracture of adhesive-bonded joints, 

6) Design and fabrication problems. 

Chapter 2 discusses atomistic mechanisms of deformation of metal- 
adhesive interfaces. 

Chapter 3 presents the conclusions derived from findings of the 
survey. Also, on the basis of findings observed during this survey, 
recommendations are given for future research for better understanding 
of the fundamentals of deformation and fracture of adhesive-bonded 
joints. 

The report was written for the specific purpose of assisting another 
investigation in the field of adhesive-bonded joints. Therefore, it has 
somewhat narrow objectives. The report is not intended to be a com- 
prehensive treatment of the subject of adhesive -bonded joints. 
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FOREWORD 


The purpose of this survey was to review current information 
available on certain selected fundamentals of the deformation character- 
istics of adhesive -bonded joints and metal-adhesive interfaces. It was 
requested by the Materials Engineering and Development Branch, 
Research and Development Directorate, U. S. Army Missile Command, 
Redstone Arsenal, Alabama. The main purpose of the survey is to 
supply information for a project, "Study of the Onset of Permanent 
Deformation in Structural Bonded Joints, " being conducted by Auburn 
University under Contract DA-01 -021 -AMC-12832(Z). 

The report, despite its narrow objectives, is being made available 
in the hope that it may be useful to others in addition to those from whom 
it was requested, as identified above. The reader is cautioned that this 
report was not intended as a comprehensive treatment of the subject of 
deformation of adhesive -bonded joints. 
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Chopter 1 


FUNDAMENTALS OF DEFORMATION AND FRACTURE 
OF ADHESIVE-BONDED JOINTS 

r Section I. INTRODUCTION 

Investigations at Auburn University, mentioned in the Foreword, 
have been made primarily on lap-shear joints in aluminum -alloy sheets, 
0. 03 to 0. 007 inch thick, bonded with organic adhesives. The emphasis 
in this report is placed on this type joint. 

The investigators hope to reach a better understanding of the basic 
mechanisms of deformation in adhesive -bonded joints through a study 
of mechanisms of deformation of metal-adhesive interfaces. Therefore, 
this report is divided into three separate parts: 

Chapter 1: Fundamentals of Deformation and Fracture of 

Adhesive -Bonded Joints. 

Chapter 2: Mechanisms of Deformation of Metal-Adhesive 

' Interfaces. 

I Chapter 3: Conclusions and Recommendations. 
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Section II. A SUMMARY OF EARLIER REVIEWS 


This part of the survey provides a critical review of fundamentals 
of deformation and fracture of adhesive -bonded joints. 

Several others have prepared reviews of problems in the area 
covered by this part of the report. This report is not a mere repetition 
of any of these reviews, but takes important points from them, combines 
these points with new developments, and presents a review pertinent to 
the Auburn project. Some of the earlier reviews are described briefly 
below. 

Houwink and DeBruyne'^ publishied the first thorough survey on the 
subject. This was divided into two parts: (1) Theoretical Investigation 

of the Stresses in Joints, and (2) Experimental Investigation of the 
Stresses in Joints. A book on structural adhesives,^ published in 1951, 
presented a series of lectures including fundamentals of adhesion, 
chemistry of adhesives, and strength of glued joints. 

The "Adhesives Handbook" by Perry, et al. includes a review of 
the fundamentals of adhesion, rheology of polymers, statistics of frac- 
ture, and an extensive review of Goland and Reissner's paper. "Struc- 
tural Adhesives for Metals and Sandwich Construction" is the report 
of a conference held in Dayton, Ohio, in December 1952.^ 

Ljungstrom® reviews various aspects of Redux bonding practice at 
Svenska Aeroplan Aktiebolaget (SAAB) including strength data and 
inspection. A book by Perry^ on "Adhesive Bonding of Reinforced 
Plastics" includes chapters on "Mechanics of Adhesive Joints" and 
"Design of Adhesive Joints. " 

The field of mechanics of adhesive bonding, including practical 
aspects and structural applications, is reviewed in a paper by Benson.^® 
A good review of current literature on stress distribution is that of 
Sneddon^^ in a chapter of "Adhesive." DeBruyne^^ published a collection 
of papers from a symposium on "The Measurement of the Strength of 
Adhesive and Cohesive Joints" held at the General Motors Research 
Laboratories in 1962. 

A 1964 report of Forest Products Laboratory^® offers a survey 
of literature on lap joints, including theory, adhesive properties, 
failure, and joint design. 
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Gardon^'* is preparing a review on a thermodynamic approach to the 
interpretation of adhesion. The thermodynamic parameters are the 
work of adhesion, interfacial surface energy, etc. , that may be related 
to bonding energies, solubility parameters, and cohesive energy density. 

Sections III through VIII of this chapter will cover the following 
subjects: 

1) Theoretical analyses of elastic stress distributions in 
adhesive -bonded joints. 

Z) Experimental stress analyses of adhesive -bonded joints. 

3) Rheology of adhesive -bonded joints. 

4) Fracture of adhesive -bonded joints. 

5) Effects of loading and environmental conditions on deformation 
and fracture of adhesive -bonded joints. 

6) Design and fabrication problems. 
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Section III. THEORETICAL ANALYSES OF ELASTIC STRESS 
DISTRIBUTIONS IN ADHESIVE - BONDED JOINTS 


Extensive use of adhesive bonding in metal structures such as 
airframes has been a recent development. However, in more restricted 
uses, bonding with adhesives such as glues is centuries old. So, 
although the application has changed greatly, the basic idea of adhesive 
bonding has been with us for many years and has been studied exten- 
sively. Most of the past analyses have been made on lap joints, 
especially those subjected to tensile loading. 


1. Lap Joints Subjected to Tensile Loading 

a. Background 

A lap joint is a joint between two overlapping members, 
as shown in Figure 1. In a lap joint, stress is distributed unevenly, 
with the greatest stress at the ends of the joint. There are two main 
reasons for this: (1) differential straining and (2) eccentric loading. 

Differential straining is shown in Figure 2.^^ When a load is 
applied to a lap joint, the tensile strain will vary from a maximum at 
one end of the joint to a minimum at the other. If the adherends are 
identical, distribution will be the same for both except that maximum 
strain will be at opposite ends of the joint. The adhesive film must 
absorb this differential straining. This effect has been analyzed by 
several researchers. 

Figure 3 shows the result of eccentric loading. In an unloaded 
lap joint, the line of force does not pass through the center of the 
adhesive film, but is slightly offset at the ends of the bonded area. 
When a load is applied, a bending moment is induced. This tends to 
rotate the joint until the line of action of the force passes directly 
through the center of the adherends. This results in further stress on 
the adhesive. This bending condition has not been analyzed nearly as 
thoroughly as differential straining, since it is much more difficult 
to describe mathematically. 

In most metal joints bonded with organic adhesives, the adhesive 
is weaker than the adherends. Thus, it is important to determine 
stress distribution in the adhesive. The factors that affect the stress 
distribution in adhesive -bonded joints include: 
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Figure 1, Typical Adhesive Bonded Lap-Type 
Joint 
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Figure 2. Differential Straining in a Lap Joint Showing 
the Change in a Reference Grid from; (a) Before Load 
ing to (b) After Loading. 






1) Joint geometry. 

a) Length of overlap. 

b) Adhesive thickness. 

c) Adherend thickness. 

2) Mechanical properties. 

a) Adhesive moduli of rigidity and of elasticity. 

b) Adherend moduli of rigidity and of elasticity. 

c) Rheological properties, fracture toughness, etc. 

The theoretical analysis of stress distribution in the lap joint has 
been made by many investigators. Earliest papers on the subject were 
by Armovlevic^^ and Fillunger.^^ However, Volkersen*® is generally 
credited with the first work^® when he derived, in 1938, an analysis for 
rivet load distribution of multirow riveted joints in tension. The 
analysis is applicable to adhesive -bonded lap joints. In Volkersen's 
analysis, stresses due to the eccentric loading were ignored. 

In 1944, Goland and Reissner^^ developed a theory which takes 
stresses due to the eccentric loading into accoimt. The theory by 
Goland and Reissner has been modified and extended by several inves- 
tigators including Plantema, Sherrer, and Cornell. Recently, 
a study was made by Hahn at Douglas Aircraft Company.^®’ 

The following paragraphs summarize some of the important work 
on stress distribution in lap joints under tension. This report comes 
primarily from an extensive review of the work edited by Eley.^® 


b. The Analysis by Volkersen 


In the analysis by Volkersen,^® it was assumed that stresses 
are caused solely by differential straining in the lap joint. Figure 4 
illustrates the joint considered by Volkersen. Two elastic adherends of 
uniform thickness t| and t 2 and Young's moduli Ej and E 2 were bonded 
by an adhesive of uniform thickness r|. The adhesive was assumed to 
act like an elastic solid with shear modulus Ga. Maximum shear stress 
in the adhesive layer was found at the ends of the overlap. Volkersen 
defined the stress concentration, n, as the ratio of the maximum shear- 
ing stress to the mean stress and foxmd that 


n 


6 

€ 


2e^ -1 4 cosh (2e 6) 
sinh (2€ 6) 


( 1 ) 
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where the dimensionless quantities 5 and € are defined by the equations 


^ El t^ + E, t, 
E 2 ’ 2Ei t 


( 1 ) 


When the adherends are identical and of thickness t and Young's modulus 
E, £2^1. 



i ! 


} 


*2 


Figure 4. The Joint Considered by Volkersen. 


Values of the stress concentration factor n for various values of Sand e 
are shown in Table I. The variation of these quantities is shown graph- 
ically in Figure 5. 


Table I. Values of the Stress Concentration 
Factor n in Volkersen' s Theory^^ 



0.5 

0. 7 

1. 0 

1.5 

2. 0 

3. 0 

5.0 

0. 4 

1. 132 

1. 106 

1. 053 

0.5407 

0. 806 

0. 331 

0. 150 

0. 8 

1.511 

1. 399 

1. 205 

0. 664 

0. 629 

0. 302 

0. 161 

1.2 

2. 083 

1. 824 

1 . 439 

0.856 

0 . 669 

0. 402 

0. 240 

1. 6 

2.799 

2. 328 

1.736 

1.089 

0. 818 

0. 534 

0. 320 

2. 0 

3.599 

2. 871 

2. 075 

1 . 339 

1. 004 

0. 667 

0. 400 

2.4 

4. 441 

3. 432 

2. 440 

1. 602 

1. 199 

0.800 

0. 480 

2. 8 

5. 300 

4. 000 

2.821 

1.867 

1. 400 

0. 933 

0. 560 

3. 2 

6. 161 

4. 570 

3. 211 

2. 133 

1. 600 

1. 067 

0. 640 

3. 6 

7. 013 

5. 143 

3. 605 

2.400 

1. 800 

1. 200 

0.720 
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0 12 3 4 


Figure 5. Variation of n with 6 and e 

c. The Analysis by Goland and Reissner 

In the analysis by Goland and Reissner, stresses due to 
the differential straining and the eccentric loading were considered. The 
joint design they used is shown in Figure 6. The sheets were of equal 
thickness and extended an equal distance from the joint. The width of 
the joint was greater than the thickness of the sheets. 




In conducting the analysis, the load acting on the ends of the joint 
was determined first, then stress distributions were determined. 

Goland and Reissner developed two approximate theories for determining 
the stress distributions. The first theory considered joints with a 
relatively inflexible adhesive layer. This theory generally works for 
analyzing joints with wooden or plastic adherends. The second theory, 
considering joints with a flexible adhesive layer, generally works for 
lap joints formed by metal sheets. 

(1) Determination of the Joint End Loads . To determine the load 
acting on the ends of the joint, Goland and Reissner considered the lap 
joint and the neighboring sheet to act as a cylindrically bent plate of 
variable cross section and variable neutral plane. The bending moment 
and shearing force acting at the edge of the joint are given by Equation (2) 

^ I* ^ 

t 

Vo= k'.T.- 


where 


Mq = Bending moment per unit width at the end of the joint 
Vq = Shearing force per unit width at the end of the joint 
T = Tensile load applied to the joint 
t = Thickness of the sheets 
T 

p = ~ = Mean stress in the sheets away from the joint 

E = Young's modulus of the sheet 
V = Poisson's ratio of the sheet. 


The parameter k is determined by the size and properties of the 
adhesive as follows: 


cosh Up C 

cosh \J~C \ Z ^ sinh U 2 C 

( 2 )' 



where 2C = Length of the joint 



D 2 = Flexual rigidity of the adhesive. 
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Values of k = - r; ’ — and k-— ^ — for various values of 

Tt Tt , - - 1 y E 

given in Table II. The relationship between k and — also is 

shown in Figure 7.^^ 


are 


Table II. Values of k 


2Mq 

Tt 


and k' 


VoC , „ . c 

for Various — 



£i/F 
t VE 

, 2Mo 

= Tt 

k. - VoG 
Tt 

0.0 

1. 00 

0. 000 

0. 1 

0. 75 

0. 039 

0.2 

0. 61 

0. 064 

0. 3 

0. 51 

0. 080 

0.4 

0.45 

0. 094 

0.5 

0. 40 

0. 104 

0. 6 

0. 37 

0. 116 

0.65 

0. 36 

0. 122 



Figure 7. 



Plot of Moment Factor k Versus — 



For joints of aluminum alloy with average values of overlap, 
and plate stresses as high as 40,000 psi, a practical lower limit for k 
is 0. 35. This shows a considerable reduction in joint-edge moments 
under load from the initial value V 2 Tt. In practical cases, this reduc 
tion is as much as 65 percent. Table II also shows that only small 
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transverse shearing forces are present at the joint edges of loaded 
systems with reasonable overlap. In actual joints, these shearing forces 
are never in excess of 0. 02 T. 

(2) Stress Distribution in Joints with Relatively Inflexible 
Adhesive Layers . Goland and Reissner assumed that where the adhesive 
layer in a joint is very thin it can be ignored in calculating stress dis- 
tribution. Stress distributions in a very thin layer would be so small 
that they would have no measurable effect on stress in the joined sheets. 
Therefore, they considered the joint as consisting of a homogeneous 
slab with the same properties as the sheet material and a thickness 
twice that of the sheet material. The same assumption would be valid 
where the adhesive layer was thicker but was relatively stiff so that 
it had properties similar to the sheets. 

Figure 8 shows a profile of such a joint including normal stress 
distribution at the edges. The coordinate x was defined in the direc- 
tion of the joint length, with its origin at the midpoint of the joint and 
its positive direction to the right. In the first analysis, it was assumed 
that there is an even distribution of tension over the cross section of 
the sheet and that the moment arises from the usual elementary linear 
stress distribution. Any departure from this linear normal stress 
distribution at the joint edges would probably be at its greatest in short 
joints. But even with short joints, there is a remarkable degree of 
linearity, according to results of experiments by Tylecote.^^ 



Figure 8. Diagram of Joint with Relatively 
Inflexible Cement Layer^^ 


The following expressions show the normal stress distribution of 
the joint edges, with reference to Figure 8. 


On X = - c; T^y = 0, 

_ (p + pk(6y/t - 3) (0 ^ y < t), 
(0 (t ^ y ^ 2t); 


( 3 ) 
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with p = Y ' 


on X = c: Txy = 0, 

_ ( 0 (0 s y < t), ( 4 ) 

(p + pk (9 - 6y/t) (t i y 2t). 

On the remaining edges of the joint there is no normal and no 
shearing stress so that: 

on y = 0, 2t: cr^ = T^y = 0. (5) 

Thus, finding the stress distribution in a joint was reduced to deter- 
mining the stress in a rectangular box, the box having boundary stresses 
on the edges, as shown in the above equations. Goland and Reissner 
found an approximate solution for this problem. Figure 9 was their 
graphic presentation of stress distribution along the midplane y = t 
of the joint for the case in which k = 1. Shear stress, Tq, normal 
stress in the longitudinal direction of the joint, erf, and tearing stress, 
cTq, are shown. Figure 10 shows variations of the maximum values of 
these stresses as a function of k in the sheet fibers adjoining the 
adhesive. The existence of large stresses, particularly tearing stress 
in the adhesive, should be noted. This agrees with experimental 
observations that failure is started by the two sheets splitting apart at 
the joint edges on the opposite side. 

(3) Stress Distribution in Joints with Relatively Flexible 
Adhesive Layers . Goland and Reissner considered joints with relatively 
flexible layers. In this case, shear strain and transverse normal strain 
in the sheets are small when compared to corresponding strains in the 
adhesive layer. The effect is that of infinitesimal springs placed 
between cylindrically bent plates. 

The joint considered is shown in Figure 11, with loads applied to 
it as in the first theory. The upper and lower sheets were designated 
u and ft y respectively. Thus, bending moment in the upper sheet is 
denoted as and in the lower sheet as Mj^. Similarly, vertical shear 
is denoted as Vu and V and axial tension as T^ and Tj^ . 

Figure 12 shows distributions of shear stress, , and tearing 
stress, (Tq , in the adhesive for various dimensions of the joint. Para- 
meters \ and (3 are defined as follows: 
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„ Distance from Joint Edge 

Ratio z — 

Sheet Thickness 


Figure 9. Stress Distribution Along Shear Plane in Joints 
with Relatively Inflexible Adhesive, for k = 1^^ 



10 0.9 0.8 0.7 0.6 0.5 0.4 

k 

Figure 10, Maximum Stresses in Shear Plane for Joints 
with Relatively Adhesive Layers, Plotted Versus Moment 
F actor k 






Figure 11. Diagram of Joint with Relatively Flexible Adhesive Layer 
(a) Profile of Joint, Showing Longitudinal Stress Distribution 
on Edges; (b) Element of Upper Sheet; (c) Element of Lower 
Sheet, for k = 1.0. 



Figure 12. Stress Distribution in Adhesive in Joints 
with Relatively Flexible Adhesive Layers^^ 





where and Gc are Young's modulus and rigidity, respectively, of the 
adhesive, and E is Young's modulus of the adherend. Other notations 
are shown in Figure 11. The definition of k is given in Equation (2)*. 

As shown in Figure 12, maximum stresses exist at the edge of the 
joint, ^ = 1 . 


The maximum shear stress, (fo)niax' ®.t the edge of the joint 

is expressed as follows; 


[-^ (1 + 3k) coth 4^ + 3(1 - k)| 
p t O I t t J 

(^ o)max 


(7) 


Figure 13 is a plot of- 


— versus for various values of k. 
^ pc ^ 


The maximum stress increases as — and k increase. An inspection 

of Equation (7) indicates that increasing the length of the joint beyond 
(3 c 

the limit — « 25 has no effect on the magnitude of the maximum shear, 
which remains 

(*^o)max ” " 


(1 + 3k) 




t 



^-T 


Figure 13. Maximum Shear Stress in Adhesive in 
Joints with Relatively Flexible Adhesive Layers^^ 
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The maximum value of cTq acts at the joint edges and is given by 
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Figure 14 is a plot of .,5 — versus X for various values of k. 

^ c 

The increasing overlap ratio results in decreasing values of the 
maximum tearing stress (o'o)max joint. 
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Figure 14. Maximum Tearing Stress in Adhesive in 
Joints with Relatively Flexible Adhesive Layers^^ 


(4) Ranges of Validity of Approximations . The first 
approximate theory considered joints with thin inflexible adhesive 
layers, while the second approximate theory considered joints with 
flexible adhesive layers. Goland and Reissner studied ranges of 
validity of these approximations on the basis of a strain-energy 
concept. 


The first approximate theory, which neglects the flexibility 
of the adhesive layer, was found to be acceptable when the following 
conditions are satisfied; 
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The second approximate theory neglects, in effect, the strain 
energy due to stresses in the adherend, cry and Txy, compared with the 
strain energy due to stresses in the adhesive, cro ^nd Tq. The second 
approximate theory was found to be acceptable when the following 
conditions are satisfied: 
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However, many metal joints with organic adhesives which are 
presently used for aircraft and other structures do not satisfy either 
one of the conditions given by Equations (11) and (12). 

d. Modifications of the Goland-Reissner Theory 


(1) Plantema^s Modification. An attempt to combine the 
Goland-Reissner theory with that of Volkersen was made by Plantema."^ 
He used the Volkersen analysis to determine stress distribution at the 
ends of the lap joint due to the differential straining of the members. 
From this, he calculated the bending moment and its resulting stress 
in the adherends at the edge of the lap joint. The Goland-Reissner 
theory was used to find the deformation of the adherends. Plantema 
derived the following formula for the stress concentration factor, n: 

n = CO c oth CO , (13) 

where 

w =h/Tlk'. ^ . (14) 

Figure 15 shows the variation of n with co, where w changes between 
0 and 4. When w > 4, n=s!W . 

(2) Cornell's Modification. Cornell^^ used the Goland- 
Reissner theory as a basis for work on stress distribution in cemented 
or brazed lap joints. He used a joint system as shown in Figure 16 
and made the following assumptions in regard to it: 

1) The two adherends act separately according to 

simple beam theory. 

2) The adhesive layer is the same as an infinite 

number of shear and tension springs. 
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3) The deflection of the specimen is slight compared 

to its dimensions and has no influence on the 
loading of the joint. 

4) The free adherend is long enough that it will not 

affect local stresses at the end. 

5) The adhesive layer is so thin that its beam 

thickness can be ignored. 

6) The two adherends are narrow (each a unit wide). 
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Figure 15. Variation of n with 



Figure 16. Schematic Drawing of the 
Joint Considered by CornelF 
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In this system, there is a transfer of the load from one adherend 
through the spring system to the other adherend. Cornell described 
this transfer by a series of differential equations. These were then 
reduced to a pair of ordinary linear differential equations with easily 
found solutions. 

Cornell's work also indicated a high stress concentration around 
the joint end. He compared his results to those of photoelastic and 
brittle lacquer experiments and found that his system gave a fairly 
accurate picture of stress distribution. 



Figure 17. Stresses at the Adhesive Surface in the 
Lower Adherend in the Case of Pure Bending 


2. Lap Joints Under Loads Other than Tensile 

This paragraph discusses briefly the effects of loads other 
than tension on lap joints. 

a. Lap Joints Under Bending 


Due to the eccentric loading, as shown in Figure 3, bend- 
ing moments are produced in a lap joint subject to tensile loading. Con- 
sequently, some of the analytical methods developed primarily for 
studying stress distributions in lap joints under tensile loading can be 
used for studying stress distributions in lap joints under bending. 
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Figure 17 illustrates results obtained by Cornell^^ for stresses in 
the adhesive surface of the lower adherend under pure bending. The 
model used by Cornell is shown in Figure 16. The case shown in 
Figure 17 corresponds to the following values:'^^ 

hi = 0. 04 inch, h^ = 0. 01 inch, h 2 = 0. 25 inch 

El = Ez (Young’s modulus of adherends) = 3x10 psi 
= 1. 5 X 10*^ psi, = 5 X 10^ psi. 
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Sherrer and Ito also studied stress distributions in lap joints 
subjected to bending loads. Assuming that adherends act as cylindrically 
bent plates, Hahn and Fouser^® determined stress distributions outside 
the bonded area. Their results show, as have others, that maximum 
stress distribution is at the edge of the overlap. 

b. Lap Joints in Edgewise Shear 

In aircraft structures, wide lap joints are often loaded 
asymmetrically parallel to the lap. In this case, adherends bend in 
the plane of the sheet. Ljungstrom^^ suggested that stress distributions 
in lap joints in edgewise shear can be obtained by using the sheet shear 
modulus instead of Young's modulus in Volkersen's formula. This has 
been supported by test results. 

c. Matrix Structural Analysis 

A recent method of analyzing lap joints is that of matrix 
structural analysis. Lobbett and Ross^^ were the first to apply this 
technique to the lap joint problem. Its basis is a network model of a 
lap joint made of bar and shear panel elements. Such a model can be 
made to idealize completely a lap joint, and it can be subjected to any 
loading situation. The behavior of each element is written in equation 
form and these equations solved simultaneously for the entire network. 
The solutions are then placed in computer language by use of matrix 
algebra. By use of the computer, a great number of calculations con- 
cerning stress distribution can be made, many of which could not be 
attempted with any other method. 
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Goodwin has used this method to investigate the effect of joint 
parameters on elastic stress distribution in a lap joint, including length 


>5'The values are for a brazed joint. 
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of overlap, braze (adhesive) modulus, film thickness, joint support, 
adherend taper, and air-braze interface radius. Goodwin’s study was 
concerned with brazed joints, but the results could be applied to the 
more flexible adhesive joints. 


3. Joints Other than Lop Joints 

The following paragraph contains short summaries of work 
relating to stress distribution in other types of joints, 

a. Butt Joints 


The adhesive layer in butt joints is subject to lateral con- 
straint unless both the adherends and the glue have the same ratio of 
Poisson's ratio to Young's modulus. In metal-to-metal bonds, stress 
distribution will depend upon dimensions of the bond area and their 
relation to the adhesive thickness. This is because the adhesive, being 

of lower order of modulus than the adherends, will be subject to lateral 
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constraint, DeBruyne reported joint strength to be inversely propor- 
tional to thickness for very thin adhesives. He obtained experimental 
agreement for this relationship. Shield^^ used limit analysis to study 
strength in butt joints, 

b. Scarf Joints 

Stress concentrations in a simple scarf joint are very 
small, but as scarf angles increase, the lateral constraint described 
with butt joints occurs. For most angles, there is also a problem 
of finite shear stress at the boundaries. Cooper, using strain measure- 
ments of the adherends, found that a shear stress concentration factor 
of 1.45 existed for six-degree scarf.** Hartman^^ and Muller^^ have 
done work on the interaction of shear and normal stress, which they 
found to be more important in scarf joints than in lap joints. Lubkin^^ 
has developed an analysis to confirm experimental results in regard 
to scarf joints and has also considered the problems of lands on scarf 
joints. 


c. Tubular Joints 

37 

Lubkin and Reissner produced an analysis for distribution 
of stress in adhesive lap joints between tubes. Their analysis 

allowed for radial contractions and expansions outside the joint, much 
like the bending Goland and Reissner considered for lap joints. The 
analysis applies primarily to bonding of metals and plastics, as the 
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investigators treated the adhesive as a thin elastic layer, much more 
flexible than the tubes. The results show shear stress concentrations 
for thick tubes that are close to those of Volkersen, 

Q 

Perry has found that results of analysis of flat scarf joints may 
be applied with accuracy to tubular scarf joints in tension or bending. 
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Section IV. EXPERIMENTAL STRESS ANALYSES 
OF ADHESIVE-BONDED JOINTS 


1. Background 

It is very difficult to find the stress distribution in a bonded 
lap joint by experiment. This is particularly true for the adhesive, 
which is only about 0. 010 inch thick. Not only is the adhesive in 
a very thin layer, but most of it is hidden by the surfaces of the 
adherends - only a minute fraction is exposed at the edges of the 
joint. There is no currently available device for measuring stress 
that can be practically applied to such a small area, and drilling into 
the adherends to expose more adhesive alters the bonding properties 
and influences any test results. 

Because of this, most studies have used large models of joints. 

The assumption is that results obtained on these models will be true 
for the actual joint. One question remains completely unanswered 
regarding this assumption. Does an adhesive behave the same mech- 
anically in an 0. 005 -inch film as it does when enlarged to 0. 5 00 inch? 
Whatever the answer to this question, any model of a joint should meet 
the following conditions 

1) Maintain the ratio of adherend thickness to adhesive thickness 
of the actual joint. 

2) Maintain the same ratio of adherend shear modulus to adhesive 
shear modulus, or the general ratio of mechanical properties 
of adherend to adhesive, as the actual joint. 

3) Be wide enough to ensure a condition of plane strain in the 
plane of the adhesive. 

4) Simulate a true adhesive bond between the adherend and 
adhesive. It is important to simulate the discontinuous 
nature of the mechanical properties at the adherend-adhesive 
interface. 

a. Techniques Used 

Three techniques have been generally used for experimental 
study of stress distribution in bonded joints. Two of these use joint 
models, as described above. The most common technique uses loads 
applied to models made of photoelastic materials, with stresses deter- 
mined photoelastically. A second technique uses gelatin and rubber 
models, with stresses measured by grid systems. This is much less 
reliable and has received very limited use. The third technique allows 
studies to be made on actual adhesive -bonded joints. This is a recently 
developed method using photoelastic coatings. 
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Results of Experimental Studies 


Experimental studies have proven that elastic stress 
concentrations exist at the ends of the joint overlap. In some instances, 
it has been possible to relate this to the mechanical properties of the 
adhesive. Studies have also demonstrated the existence of a nonuni- 
form stress distribution across the width of the joint. Figure 18 shows 
the complexity of stress distribution in the adhesive film of a lap joint. 
Shown are t ^y, shear stress in the x-surface in the y-direction, and 
(Ty stress normal to the y-plane. 

There are several important factors that have not yet been shown 
experimentally.^^ These include stress distribution in the joint beyond 
the elastic limit of the adhesive or adherends, the relationship between 
stress distribution throughout the joint, and the ratio of mechanical 
properties of the adhesive to those of the adherend. 


2. Analyses with Photoelastic Models 

Coker is credited with the earliest photoelastic study of 
joints. Although he was not studying lap joints, the model he used 
actually simulated a double-lap joint, so his experiment is of interest. 
Coker’s setup consisted of three parallel sets of steel bars bolted to 
a plastic sheet, as shown in Figure 19. The ratio of Young's modulus 
of the steel to that of the plastic was 10. 

Measurements were made using transmission photoelasticity. 
These were taken along the centerline of the bond area to determine 
the effect of film thickness and length of overlap on shear strain. 

The results showed that shear strain increased sharply from zero 
at the end of the overlap to a maximum at a point very near the end, 
and then fell off to its minimum at the center of the overlap. Changing 
film thickness did not appear to change this pattern, but it did have an 
effect on stress distribution near the ends of the overlap. 

Another early photoelastic study was that of Tylecote, who 
found high shear and normal stresses near the ends of the overlap in 
plastic models of spot -welded joints. The maximum shear -stress 
concentration was 5. 7. The joints in Tylecote 's models, cut from a 
single plane sheet of plastic, compared to an adhesive-bonded joint in 
which the adhesive and adherend had the same physical properties. 
Since properties were the same within the joint, the offset in the 
geometry of the lap joint had a marked effect on stress concentration. 
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*e 18. Three-Dimensional Plastic-Shear Stress Distribution 
the Adhesive Film of a Lap Joint 






In 1948, Mylonas published results of the first systematic attempts 
to study stresses in an adhesive by means of photoelasticity. Mylonas 
had first made models with wood adherends, using a layer of Catalin 
800 plastic as the bond. Because of difficulties in making stress -free 
joints, little analysis was done. Most of his early experiments were 
performed on models made from single sheets of Catalin 800 machined 
to a desired shape. With these models, steel strips were bolted to the 
plastic, as in Coker's studies. These served to stiffen the plastic and 
better simulate a joint. Mylonas concluded from these studies that the 
most critical stresses were at the interface areas at the end of the 
overlap. The stress concentration factors, measured photoelastic ally, 
were generally lower than calculations made for the same models using 
Volkersen and Goland-Reissner analyses. 

In the models mentioned above, Mylonas had made the air-adhesive 
(or end -of -overlap) interface curved. He later conducted further study 
on stress distribution along this interface.^® For these studies, he made 
models with curved air -adhesive interfaces of different radii. He also 
made models with straight interfaces, but varied the degree of slope for 
these (Figure 20). 

From these studies, it was concluded that for joints with a large 
radius, failure would occur along the adhesive -adher end interface. 

For a small radius, failure would most likely occur in the adhesive. 

For the straight interfaces, stress decreased as the angle of slope 
decreased, being highest when the angle was 90 degrees to the plane of 
the adherends. 

In this same series of studies, Mylonas made models with varying 
lengths of overlap to see what effect this factor would have on stress 
distribution. The adherends in these models were practically rigid. 
Theoretically, this nearly infinite stiffness, combined with the finite 
length of overlap, should lead to a uniform shear throughout the adhesive 
layer. When overlap length was at least three times the width of the 
joint, stress distribution was not affected by varying this length. So 
long as this ratio was held, there was an area of uniform stress in 
the center of the adhesive layer. With this knowledge, Mylonas kept 
the length-to -width ratio well over three to one in subsequent experi- 
ments mentioned above. 

Mylonas also did some work on stresses in butt joints. For these 
tests, he used a model made of an adhesive layer fixed to two rigid, 
parallel surfaces. The adhesive was subjected to a tension normal to 
its plane by these surfaces. 
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Adhesive 



Adherend 


( 0 ) 



Adhesive 


Adherend 


Figure 20. Two Typical Air- Adhesive Interfaces in Lap Joints; 
(a) Curved; (b) Linear^^ 
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McLaren and Maclnnes^^ have made an extensive study of the 
effect of bending on stress distribution using photoelasticity. To 
accomplish this, they ran tests on two different model types. The first 
type consisted of single- sheet models cast in Araldite and simulating 
a lap joint with one-half- inch- thick adherends and an adhesive layer 
varying from zero to one-half inch thick. The second type was made 
of two different plastics, with the adherends 20 times stiffer than the 
adhesive. In these experiments, as in the Goland-Reissner theory, it 
was assumed that the only effect of the load on the geometry of a joint 
is to produce a rotation of the joint about its center. If the line of 
action of the load T passes through the point E on AB in Figure 21, the 
effect of the rotation can be determined by the factor K =:• BE/CB. The 
effect of varying K can be investigated by changing the direction of the 
applied loads. 



X 


Figure 21. Diagram of Joint to Which Load Is Applied 
as a Distributed Boundary Stress by Adherend 


In both model types, when K was a positive factor, the maximum 
stress concentration was at the ends of the length of overlap. This 
decreased to a minimum stress at the center of the joint. When the 
value of K was increased, the stress concentration at the ends increased 
proportionately, but remained about the same at the center. For nega- 
tive values of K, the opposite was true, again for both model types. 
Stress concentration could almost be eliminated at the ends of the over- 
lap but increased toward the center of the overlap. After considering 
these results, McLaren and Macinnes felt that a lap joint with negative 
K might have merits. Experiments on such a joint (Figure 22) showed 
that stresses are greatest at the center of adhesive- adherend interfaces 
and that they decrease toward the free surfaces. 
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Figure Z2. Lap Joint with Negative 
Bending Moment Factor^^ 


A difference between the two models was found in the results when 
K = 1 , or when the line of the applied load passes through the centerline 
of the adherend at the end of the bonded area. In the homogeneous model, 
principal stresses were parallel and perpendicular to the line of the 
joint except at the very ends of the overlap. This was true in both the 
adhesive and adherends. This means there was no shear transfer of 
load across the bond line along the central area of the joint. In the 
composite model, the directions of stress were the same in the adher- 
ends, but were at 45-degree angles in the adhesive. This shows that, 
except at the ends, the adhesive was mainly in longitudinal shear. This 
would indicate that homogeneous models simulate conditions in actual 
joints accurately. An exception would be a joint in which adhesive and 
adherend had matching properties - not a practical application. 

In the course of this study, McLaren and Macinnes found support 
for Mylonas' conclusions on the effect of slope of the air-adhesive face. 
There was also a suggestion that higher values of K might result in less 
tensile strain in the adhesive surface. 

The main value of the work of McLaren and Macinnes is the sug- 
gestion that by changing the bending moment factor, one can reverse 
the stress concentration in the edges of a bonded joint. This could be 
of considerable interest in joint design, as shown in their experimental 
lap joint. 

Kutscha^^ also made some photoelastic investigations of shear 
stresses in composite models of lap joints. He attempted to approximate 
more closely an actual joint, especially in film thickness. By use of 
photoelastic analysis, he was able to study stress distribution on the 
adhesive itself. Using liquid Photostress A, he made lap joints of 
0. 064- inch- thick aluminum alloy with an adhesive film thickness of 
0. 029 inch. The joint width was 0. 25 inch. Measurements of the 
effect of length of overlap on shear stress distribution were made. 

These results were compared with the distribution predicted by the 
Goland- Reis sner analysis and were found to be generally higher. In the 
analysis, shear modulus for the adhesive was determined on bulk 
material rather than on a film in a joint. This leaves some question 
concerning the comparison. 
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In a continuation of this work, Kutscha^^ found that maximum 
shear stress in the joint is directly related to adherend thickness and 
length of overlap, or joint parameter L/t. The relationship was true 
for a series of joints with the same adherend thickness, but not for a 
group with different thicknesses. This indicates that the joint para- 
meter L/t is not a proper reflection of the bending moment in the joint. 
Kutscha also analyzed joints with the adherends tapered along the 
length of the overlap. This might be expected to correct differential 
straining and reduce stress concentration. However, the analysis 
did not show this to be true. It was suggested that this be studied 
further, with the taper thickness adjusted to correct the differential 
straining condition exactly. 


3. Analyses Using Gelatin and Rubber Models 

Stress distribution has also been measured using gelatin or 
rubber models. This is not a reliable technique, but has been used by 
several researchers whose work is reviewed here. The earliest work 
that can be related to lap-joint analysis was performed by Andrade^^ 
using gelatin. This study was not set up to analyze lap joints, but the 
conditions of the experiment made the subject similar to a simple lap 
joint without loading. Andrade used a gelatin block to test shear stress. 
The block was 4 by 4 by l6 inches. Two wooden boards were bonded to 
it along its long sides. A shear load was applied through these boards. 
Grid reference marks were placed on the gelatin surface and shear 
strains noted by measuring changes in these marks. Results showed 
shear strain to be greatest near the edges of the overlap and least 
towards the center of the joint. Shear strain across the adhesive varied 
from one adherend to the other. The maximum shear- strain concentration 
was about 1.25. 

Jackson^^ used lap joint models cut from pieces of low-modulus 
rubber in another approach. The joints were homogeneous. Jackson 
sought to show the effects of changes in joint geometry on strains in 
lap joints. The strains he illustrated were actually those in the adher- 
ends . 


Norris and Ringelstetter^^ made a model to simulate the bond 
between the skin and cap strip in a wooden aircraft wing. Measurements 
of shear strain were made along the glueline of this double- lap joint 
using a Tuckerman optical strain gage. Maximum shear strain was 
found at the ends of the overlap. 
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The effect of applied load on stress distribution in a lap joint was 
measured by Demarkles^^ using foam rubber. Two pieces of foam 
rubber were bonded with an adhesive having the same mechanical prop- 
erties. A grid was painted on the surface of the rubber. When a load 
was applied, strain measurements were made by noting the changes in 
the grid. By this method, shear stress in the adherend (not the adhe- 
sive) was measured. The results were compared with a Volkersen 
analysis and found to be lower than predicted. 


4. Analyses with Photoelastic Coatings 

By use of photoelastic coverings, stress measurements may 
be made on actual joints. Hahn^'^ used this technique on aluminum lap 
joints bonded with Metlbond 4021. He was seeking to find the stress 
distribution in the adherends just adjacent to the bond area, and by use of 
of a reflective photoelastic coating was able to do this experimentally. 
Hahn used joints made of aluminum pieces one- fourth by two by eight 
inches in size, with a joint overlap of two inches. The experimental 
results compared very well with a mathematical analysis. 

The results of this work were important in two areas. First, it 
was found that the adherends showed an inelastic deformation just out- 
side the bond area. This is believed to be due to the concentration of 
shear stresses at the edges of the adherend. Shear stress distribution, 
then, is not uniform across the width of the adherends. 

A second important result was the indication that this inelastic 
curvature is also present within the bonded area. If this is true, it 
means that shear stress varies across the width of the adhesive as well 
as along the length of the overlap. This appears to be true, expecially 
at the ends of the overlap. If so, a joint two inches wide is not twice 
as strong as a one- inch- wide joint. This could be very significant, and 
further investigation is needed in this area. 
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Section V. RHEOLOGY OF ADHESIVE-BONDED JOINTS 


1. Background 

Rheology is the study of the deformation and flow of matter. 
Actually, deformation and flow are closely related. Deformation is 
defined as a movement of particles in relation to one another without 
destroying the continuity of the body of material. The material flows 
if this deformation increases continuously with time. There are three 
branches of rheology. Phenomenological rheology considers homo- 
geneous and isotropic materials as continuous media. Macrorheology 
regards all materials as being homogeneous as they might look to the 
naked eye. Microrheology studies behavior of multiphase systems from 
known rheological action of their parts. Reiner^® wrote a review on 
fundamental problems of rheology covering the above three branches. 

In regard to adhesives, two different problems exist. The first 
problem concerns the rheological behavior of adhesives during bonding. 
Deformation and flow are important, in forming a bond using a liquid 
adhesive. The second problem concerns rheological behavior of adhe- 
sives when loads are applied to adhesive- bonded joints after they are 
bonded. A number of articles have been written on both aspects of the 
rheological behavior of adhesives This report is concerned with 
the second problem only, that is, the rheological behavior of adhesive- 
bonded joints subjected to external loading, and covers briefly the 
following subjects: 

1) Simple viscous phenomena in separating two surfaces. 

2) Complex viscous phenomena in separating two surfaces. 

3) Visco- elastic phenomena and the separation of surface 
(tack). 

Details discussed are given in Adhesion edited by Eley.^^ 


2. Simple Viscous Phenomena in Separating Two Surfaces 

The force required to separate two rigid surfaces joined by 
a viscous liquid is sometimes referred to as an adhesive force. The 
application of force to an adhesive-bonded joint could result in separa- 
tion in one of the following three ways:^^ 

1) A clean separation of one of the surfaces from the liquid. 
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2 ) 


A removal of one surface, dependent on time, together 
with viscous flow of the liquid between the surfaces. 

3) A removal where some of the liquid remains on both 
surfaces due to cohesive failure. 


Only the first way involves true adhesion, but it does not involve 
rheological explanation as do the other two. Therefore, only the latter 
two will be considered here. 


Several authors, including Stefan^^ (as early as 1874) and, more 
recently, Bikerman^^ have shown that the rate of separation in case (2) 
is a function of the viscosity of the adhesive and the force applied. The 
force needed to separate in this case varies directly with the rate of 
separation. This is shown in Equation (15), 


dP _ 2FD^ 
dt 3 t) r2 


(15) 


where D is the distance between two disc surfaces of radius r, and F is 
the force required to separate them. Banks and Mill^^ have shown that 
above a critical rate of separation, negative pressures exist which 
result in a maximum limiting force. This resistance to separation is 
called tack and will be discussed later. 


3. Complex Viscous Phenomena in Separating Two Surfaces 

For most adhesive, the ratio between rate of shear and 
shearing stress varies with the rate of shear. Additionally, many of 
these adhesives cannot be sheared by stresses below a certain limiting 
value known as the yield point. The equation 

do* g . n. t ^ / \ 

= (^-f) (16) 

summarizes this behavior, where dcr/dt is the shear rate, F is the 
shear stress, f is the yield point, and n is a constant characteristic of 
the material. The parameter r\ is usually referred to as plasticity 
rather than viscosity, and is only constant for a Newtonian liquid, for 
which f = 0 and n = 1. 

Scott^^ derived a formula for dD/dt as follows: 

t . _n^ »^n+l 

dP AF D-Do 
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where 


Dq = the limiting thickness achieved when a material with a yield 
point f is compressed between two parallel plates: 


Do 


Ztrr^f 

~ 


A = an infinite convergent series and is a function of r| and D/Dq. 
Then the force, F, required to separate the joined plates is 


1 


F oc 



TTTl 

L i+i- 

Do " 


(18) 
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Peek analyzed a simpler case for n = 1. He derived the following 
formula for the force F: 


dD 4TTT|r^ 

"dT * 3 D(D-Dq)2 


(19) 


These cases indicate that introducing a yield point has more influence 
on separating parallel surfaces joined by an adhesive than does departure 
of the exponent from the Newtonian value of unity. 


4. Visco-Elastic Phenomena and the Separation of Surfaces (Tack) 

Equation (16) describes only viscous behavior of adhesives 
when subjected to simple shear. These adhesives also show elastic 
behavior. They will respond to the applied stress with a mixture of 
elastic deformation and viscous flow. It is the purpose here to discuss 
this visco-elastic behavior as it relates to tack. Tack is defined as 
the resistance to separation. However, it is not clear what properties 
in a material account for its presence. Many feel that tack depends on 
a different set of properties for different substances. Therefore, it 
can be judged only by bringing the adhesive into contact with a material. 
If clean removal of the material is impossible, or requires effort 
limited only by failure at the interface, then tack is present in the 
adhesive. 

By looking at how tack is exhibited in several different materials, 
we can see how it differs and why it has defied an agreed analysis. In 
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Printers' Ink, Green^"^ has defined tack as pull resistance, while Banks 
and Mill^^ felt it is explained entirely by viscous flow. Carpenters' glue, 
with long chainlike molecules, has the ability to pull into long filaments, 
which results in tack. Unvulcanized masticated rubber has the property 
of self-diffusion of polymer chains. When two surfaces of the material 
are brought lightly together, their fusion obliterates their separate 
surfaces. Finally, there are pressure- sensitive tapes which strip 
cleanly from solid surfaces to which they should stick tightly. 

It is known that tack is dependent on temperature and that many 
substances become "nontacky" below certain temperatures. In this 
regard, McLaren, et al. worked with three amorphous high polymers 
and found that at the tack temperature their melt viscosity was the same. 
At an applied pressure of 20 psi, polystyrene at 106° C, polyvinyl at 
49° to 66°C, and polyisobutene at -32° to -36° C all had a viscosity of 
about 10 poises. It should be noted, however, that several extrapola- 
tions were involved, and the viscosity measurements were taken at 
much higher temperatures and pressures. 

The drawing out of filaments, as in Carpenters' glue, is mentioned 
above. This phenomenon seems to be elastic in nature, as the filaments 
retract when adhesion fails. For an element of tacky substance whose 
length extends from to before adhesion fails, the work of adhesion 
will be equal to the elastic energy stored in the tacky element at the 
moment of failure. The deformation due to viscous flow will be given 
by 


log 


/ £ \ _ Sot / 

1 - e'^) 

\£o / 3irr|r2 ' 

/ 


( 20 ) 


where 


r = radius of the cylinder 
Sq = stress applied at the end 
T = Maxwell relaxation time 

t ° time elapsed since the beginning of the extension. 

The elastic energy stored, W, will be a function of the extension 
ratio — j = \ given byS^ 

w = Cl -3) + C 2 (-^ + 2\ -3). (21) 

Where there is rapid extension of small elements, t/r will have 
a fractional value, since the relaxation time for polymeric materials 
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will be at least 0. 01 second, and usually much longer. Thus, some of 
the deformation must be elastic and the energy stored proportional to 
the square of the extension ratio. The elastic component can be ignored 
only if extension is about twice the relaxation time, or more. 

C *7 

Dow has shown that stripping force for pressure- sensitive tape 
is proportional to the square root of the speed at which it is stripped. 


39 



Section VI. FRACTURE OF ADHESIVE-BONDED JOINTS 


1. Background 

Before discussing fracture of adhesive-bonded joints, a brief 
discussion is given on fracture of solids. The various theories of frac 
ture of metals and other solids are classified as follows: 

1) Continuum mechanics theory. 

a) Classical theories of fracture. 

b) Fracture mechanics theories. 

2) Micr ostructural theories. 

3) Atomistic mechanics theories. 

In any study of fracture criteria, distinction is made between initiation 
of fracture and propagation of fracture. 

The aim of continuum approach is to describe material properties 
in terms of limiting stresses and strains, to meet the needs of the 
designer. A material is considered as a continuous homogeneous 
medium, and the fracture is treated on a macroscopic scale. The 
classic theories under this approach explain that fracture occurs when 
the stress, the strain, or a parameter determined by the stress state 
reach a certain value for the particular material. Several criteria 
have been offered to explain various types of fractures in different 
materials. A book written by Nadai contains much of the earlier, 
primarily European, work of flow and fracture of solids. 

The fracture mechanics theories are based on Griffith’s^^ work 
and have been developed by Irwin and other investigators. In 

these theories, studies are made on the balance between strain energy 
supplied from the stress system and the energy required for the initi- 
ation of fracture. 

In the microstructural approach, studies are made of microscopic 
details of how the fracture process is nucleated and how microscopic 
fracture nuclei increase in size and produce complete failure. Micro- 
scopy, especially electron microscopy, is used extensively to study 
mechanisms of fracture. A recent review by Low^^ provides a good 
coverage of this area. 

Using the atomistic approach, studies are made of how atoms in 
a solid behave under stress. It is known that a material’s actual 
strength is two to three orders of magnitude lower than its theoretical 
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strength based on the atomic binding force, which is about one-tenth of 
Young's modulus. The emphasis of studies is placed on the role of 
atomic imperfections, such as dislocations, on the deformation and 
fracture. Griffith's basic concept has been used in both the macro- 
scopic and atomistic theories. 

There are reports of several symposiums and conferences that 
offer excellent material on the recent development of theories of 
fracture. The proceedings of the 1959 Swampscott Conference^^ con- 
stitute the first successful stock taking of present knowledge, with 
emphasis on atomic and microscopic mechanisms of fracture. Con- 
ferences held at Maple Valley^ in 1962 and Sendai ^ in 1965 included 
reviews on progress made with the different approaches mentioned 
above. The bulk of the information in the above sources refers to 
metals and ionic crystals, but fractures in glasses and polymers also 
were discussed. The monographs edited by Rosen and Weiss are 
directed toward fundamental problems of fractures in polymeric solids. 

Only limited studies have been made on mechanisms of fracture of 
adhesive-bonded joints. There have been several attempts to apply 
classical fracture theories. Beyond these, however, very few articles 
exist on fracture of adhesive -bonded joints. There have been only a 
few isolated attempts to apply either fracture mechanics or electron 
microscopic studies to adhesive -bonded joints, and no attempts at 
studies on an atomic scale. 

The thermodynamic approach, which has been developed primarily 
to study chemical problems such as bonding energy, interfacial surface 
energy, and solubility parameters, also can be used for studying frac- 
ture of adhesive-bonded joints. Gardon has extended the theory of 
Hildebrand to relate the solubility parameter and surface tension 
parameters to the work of adhesion and general level of bond strength. 
He reports on the many contributions to this field as they apply directly 
to the understanding of strengths of bonded joints. The status of this 
research is the general correlation of these parameters, neglecting 
the effects of structural features in the systems. 


2. Classical Theories of Fracture Applied to Adhesive-Bonded Joints 

As stated above, there has been very little done to determine 
fracture criteria and mechanisms for adhesive joints. This is in spite 
of the great amount of joint-strength data accumulated over the years. 
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One significant study was that of Lubkin, who tried to explain the 
strengths of adhesive scarf joints. He studied theories of failure to 
determine which best explained the joint strengths and found that the 
maximum principal-stress explained experimental data best. This 
theory assumes that the joint will fail when the tensile strength of the 
adhesive is exceeded. 


3. Fracture Mechanics Theories Applied to Adhesive-Bonded Joints 

The application of fracture mechanics theories to adhesive- 
bonded joints is quite new. So far, only a few articles have been pub- 
lished. Ripling, et al, ^ studied fracture of joints of the aluminum- 

epoxy -aluminum type. Additional studies were done by Fowlkes and 
Wolock. Irwin^^ discussed problems related to the application of 
fracture mechanics to the study of fracture in adhesive-bonded joints. 

A short description of fundamental concepts of the fracture mechanics 
theory is given in the next paragraph for the benefit of readers who 
are not familiar with the theory. Fracture mechanics theory was 
developed for homogeneous brittle solids. Recently, attempts have 
been made to extend its use to ductile materials by introducing addi- 
tional corrections for the influence of plastic flow before fracture. 
Further, extension of this theory to the markedly different situation 
that exists in adhesive -bonded joints should be done only with the full 
knowledge of the limitations of this approach. However, recent 
attempts for the application of the fracture mechanics theory on frac- 
ture of adhesive -bonded joints are described in the following sections. 

It is emphasized that results are exploratory and far from concrete. 

a. Fundamental Concepts of the Griffith -Irwin Fracture 
Mechanics Theory 


The Griffith -Irwin fracture mechanics theory has been 
applied to some extent to the study of unstable fractures, especially 
of those in high-strength materials for aerospace applications. 

Figure 23 illustrates typical behavior of a metal sheet containing a 
transverse central crack subjected to uniform tensile loading. For 
a small crack, fracture strength exceeds yield strength. Gross yield- 
ing is observed in the load -deflection diagram and extensive plastic 
deformation is observed in the fracture surface. However, fracture 
from a long crack occurs abruptly with negligible plastic deformation. 
The observed fracture stress decreases with increasing crack length. 
Unstable fracture occurs when the stress -intensity factor, K, reaches 
a value, which, is characteristic for the material: 
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K = (TN/ira = K 


( 22 ) 


c J 

where o' is average fracture stress and a is half crack length. is 

called the critical stress intensity factor or fracture toughness of the 
material. The critical crack length, also may be used to charac- 

terize the brittle behavior of the material when the preexisting crack 
is shorter than fracture stress, or, exceeds the yield stress, and 

fracture is ductile. The ASTM Committee on Fracture Testing of 

73 ^ 

High-Strength Sheet Materials has described methods of measuring 
fracture toughness of high-strength sheet metals (ferrous and nonfer- 
rous materials having a strength-to-density ratio of more than 700, 000 
psi per pound per cubic inch). can be determined by fracture tests 

of notched specimens. It has been found that as the tensile strength of 
a material increases, the critical crack length decreases, and the size 
of flaws tolerable in a structure decreases. 

(1) Crack Tip Stress Fields for Isotropic Homogeneous 

Bodies. The stress fields near crack tips can be divided into three 
■■ * 

basic types, each associated with a local mode of deformation, as 
shown in Figure 24: 

Mode I: opening mode. 

Mode II: edge sliding mode. 

Mode III: tearing mode. 



The opening mode is associated with local displacement in which 
the crack surfaces move directly apart (symmetric with respect to the 
x-y and x-z planes). Displacements in the edge sliding mode find the 
crack surfaces sliding over one another perpendicular to the leading 
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edge of the crack (symmetric with respect to the x-z plane). In the 
tearing mode, crack surfaces slide parallel to the leading edge (skew 
symmetric with respect to both the x-y and x-z planes). Even the 
most general case of crack tip deformation can be described by the 
superposition of these three modes. Irwin^^ has analyzed elastic 
stresses in areas near crack tips for the three modes. Paris and 
Sih*^^ also have calculated stress fields for the three modes. 


(2) Strain-Energy-Release Rate of Crack Extension. 
The elastic strain-energy-release rate of crack extension, g (in 
units of inches per pound per square inch) is often used instead of the 
stress-intensity factor, K. The relationship between K and g is: 


^ " E 




for plane strain 


g 



for plane stress 


(23) 


where E is Young's modulus and v is Poisson's ratio. 

When there is enough stress intensity for K to equal K^, the strain- 

energy-release rate becomes critical and g equals g^. g^^ then is defined 

as the amount of energy required to extend a crack of unit width one 

unit of length. A method for measuring fracture -toughness was suggested 
^ 7 6 

by Irwin and Kies, using this definition. They based it on an experi- 
mental calibration of a test specimen. The procedure measured total 
loss of strain energy through the propagating crack. In this case, the 
equation for g is 



where 

b = specimen width 

— ^ = compliance of the system 

M 

a = crack length 

P = applied load. 

If P is the critical load to move the crack a distance, P^, g attains its 
critical value, gc. 


45 


b. Fracture Mechanics of Adhesive-Bonded Joints 


In a large block of isotropic material with a spreading 
crack, the separation will seldom be of a Mode II type. In an adhesive- 
bonded joint, however, failure will remain within the joint under various 
stress conditions, since the adhesive is weaker than the adherends in 
most cases. In such a joint, critical gjj values can be easily measured 
and mixed-mode crack stress fields are usually found. 

Figure 25 shows two blocks of separate materials, one of higher 
modulus, joined by a thin adhesive layer. If the two blocks are pulled 
in tension parallel to the joint, x-direction crack displacements next 
to the two walls will usually be different. Thus, crack surface dis- 
placements are not due only to the opening mode. They may be 
caused by a different ratio of modulus to Poisson's ratio for the two 
materials, or by residual stress, or by both. In any case, these 
additional displacements tend to help separation by increasing the 
strain energy release. 

There are means for calculating values for Kj and Kjj corresponding 
to the stress field for this figure. However, for most test situations, 
experimental analysis can furnish the same information easier and 
cheaper. 

Irwin, in seeking a means of testing adhesive joints, considered 
a joint as shown in Figure 25(b). It was assumed that the adhesive 
material, B, occupies such a thin layer that y-direction displacements 
in the material, A, at distances from the crack comparable to the crack 
length, correspond approximately to those which would be found for a 
crack of similar size and location in a solid specimen of A with the 
adhesive layer absent. The presence of the adhesive -bonded joint does 
not affect this analysis, as strains in the adhesive close to the crack 
edge can be explained as crack length correction. 

Ripling, et al. , used the specimen shown in Figure 26 for the 

same purpose. The specimens were aluminum -epoxy- aluminum joints. 
Because epoxy changes its response with time, they found it necessary 
to use a procedure allowing for a series of controlled crack extension 
speeds. The system they used allowed them to perform a peel test on 
the adhesive and to easily calculate g values. At the same time, it 
avoided large strains in one adherend or compressive strains which 
often occur in peel tests. 

They accomplished this by exerting force through strong fingers 
separated by a stiff mechanical arrangement having the effect of a wedge. 
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A 


(C) 


Figure 25. Separations from the Left Boundary in Adhesive Joints; 

(a) Thick Block of Material B Joined to a More Rigid Material A; 

(b) and (c) Thin Layer of Material B Between Block of 
Material A^^ 



Figure 26. Ripling- Patrick Specimen for gj and gj plus gjj 
Measurements on Adhesive Joints. Most of the Specimen 
Bars Were 12 Inches Long and V 4 Inch Thick, but These 
(as well as Other Dimensions) Are Arbitrary Choices^* 
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They then measured the displacement separation of the force relative 
to zero load for various crack lengths. Compliance C (per unit speci- 
men thickness) was then calculated by the equation 



(25) 


where Y is displacement separation, P the forces, and B the specimen 
thickness. Simple beam theory then shows 

C = A(a + ao)^ , (26) 

where 

A = 8/EBD^ 


D = depth of beam 

ao = radius of loading hole 

E = Young's modulus of adherent material. 

In such a joint, the "elastic foundation" will contribute to deflection 
from the adhesive. Allowing for this, compliance values agree basically 
with Equation (26). For comparison of compliance, saw cuts were made 
in solid aluminum bars to represent various crack sizes. Results of 
experimental stress analysis were shown by 

C = A' (a + a'o)”' , (27) 

where the A’, and m values were adjusted for the data but differed 

only slightly from corresponding terms of Equation (26), Compliance 
data for this experiment can be represented by 

C = A(a + a"o)^ , (28) 

where a“o is moderately greater than a^ and represents the effect upon 
compliance of the strains in the low-modulus component, material B. 


Crack extension force is shown by 


2 B da * 


gj for any pair of P, Y observations can be computed, on the basis 
that the effective crack length is a value consistent with Equation (28) 
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and with the observed values of P and Y. 

3 PY / A \ 

2 B \BY/ 


K = 


This is shown by 


( 30 ) 


With Y fixed, the fractional change of crack extension force with 
a is given by 


J_9g _ 4 

gJI a + a''o 


(31) 


Much care is needed in preparing joints for measurements of 
the type being discussed here. Joints, as usually prepared, have non- 
uniform thickness, residual stress, voids, and surface condition. 

Also, high polymer adhesives are normally strain rate sensitive and 
tend to respond with greater stiffness and less toughness to rapid 
straining, as might occur with a rapid increase of crack extension. 

The joints discussed here must be partially precracked without completely 
separating them. So, a "stability factor" is needed even if they are 
carefully prepared. This term will be used for the left side of Equation 
(31). Ripling, et al. , found in their aluminum- epoxy- aluminum 

joints that when a negative magnitude of the stability factor was much 
less than 0. 5 reciprocal inch, unstable rapid fractures occurred. 

Stable crack extension was observed to a length of nearly eight inches, 
in consistency with Equation (31). If weaker, less uniform joints are 
to be studied, beams with less depth could be used. 


gj values for a series of joint thicknesses with a slow crack 
speed of about one inch per minute are shown in Figure 27. Where the 
adhesive is in greatest tension, there will be a tendency to contract 
in the specimen thickness direction. This tendency was strong enough 
to the right of gi minimum in Figure 27 to cause a notching action 
which kept the crack plane near the middle of the joint height. The 
tendency to the left of this minimum was for the crack plane to stay 
close to an adherend surface. Here, the separation surface had a 
rougher appearance. It was not determined why gj values drop for very 
small joint heights. However, the reasons are likely related to the 
nonuniformities noted above. 


P and Y were also measured with the forces at a 45-degree angle 
relative to the joint. Values of gi and gjj were estimated by using the 
components of P and Y normal and parallel to the joint. The total g 
value was much greater with shearing strains parallel to the joint. 

Also, the value of gi was several times greater than under opening 
mode conditions. 


' 49 




0 20 40 60 80 100 


Joint Thickness, h (-10 in.) 

Figure 27. Effect of Joint Thickness h upon Critical gj Values 
for Progressive Separation. Circle Points WereMeasured 
with the Crack Speed Roughly One Inch Per Minute. 

Triangle Points WereMeasured with the Speed Increased 
by a Factor of 25. Points on Right Margin Were Measured 
with Solid Epoxy Specimens 


It is not always possible to avoid compression and shear on 
adhesive joints in actual uses, although it is desirable. Hence, the 
critical value of gj is of practical interest. However, more attention 
is usually given to the strength relative to shear separation. Ripling 
measured several values of gn using specimens similar to that in 
Figure 26, Forces were applied as shown in Figure 25(c), Compliance 
for this experiment is a linearly increasing function of crack length, 
derived from 



The resulting gjj values were an order of magnitude greater than 
the gi values in Figure 27. The instability restraint factor was only 
half that of the Mode I tests. Still, a long stable movement of the 
crack was observed. 

The experiments show the need for a large negative stability factor 
in an adhesive joint test sample. This appears to be due to nonuniform- 
ities in the joint rather than merely low crack toughness. In glass, by 
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v/ay of contrast, a crack is easily extended in a controlled stable fashion by 
use of splitting forces near the plane of the crack. Crack speed can be 
controlled with only a small negative magnitude of the stability factor , 
although the necessary crack-extension force is less than 0, 1 pound 
per inch. 


4. Microstructurat Studies on Fracture of Adhesive-Bonded Joints 

During the last decade, there has been increasing interest in 
microstructural studies on fracture of metals and other solids. Elec- 
tron-microscopic fractography, which is the observation under an 
electron microscope of fracture surfaces (in most cases, plastic 
replicas of fracture surfaces), has been |>roved to be very useful for 
studying micromechanisms of fractures, ' Limited attempts have 
been made by investigators, including Ilkka and Scott, Reegen and 
Ilkka, and Newman and Wolock, to use the electron microscope to 
study microstructural characteristics of fractures in adhesive-bonded 
joints and polymers, Such investigations should be extended to 
better understand micromechanisms of fractures of adhesive -bonded 
joints . 
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Section VIL EFFECTS OF LOADING AND ENVIRONMENTAL CONDITIONS 
ON DEFORMATION AND FRACTURE OF ADHESIVE-BONDED JOINTS 


This section discusses effects of loading and environmental condi- 
tions on deformation and fracture of adhesive-bonded joints. The 
following subjects are discussed: 

1) Effect of strain rate. 

2) Effect of temperature. 

3) Effect of environment. 

1. Effect of Strain Rate 

Effects of strain rate on mechanical properties of epoxy 
adhesives have been studied by Wegman, et al.®^’ Wegman made 
tensile tests on low-carbon steel rods bonded with epoxy resin. The 
time of failure ranged from six milliseconds to five minutes, with 
test temperatures ranging from -54® to 90®C (-65® to 201 ®F). 

The adhesive tested exhibited greater resistance to rapidly applied 
stresses than to more gradually applied stresses. The adhesives were 
also shown to lose strength with increasing test temperature, whether 
tested rapidly or slowly. 

Within a range of a high-temperature second-order transition 
point and a low-temperature second-order transition point, the test 
data fit an exponential equation as follows:®^ 

E 

S = , (33) 

where S is the stress in the joint at failure, and the other terms have 
their usual meaning. Energies calculated from this expression are 
lower for fast than for slower rates of testing. 

It was also shown that there is little change in bond strength until 
time to failure is below 100 milliseconds. Plots of stress versus 1/T 
for a series of test times show a decided discontinuity at 1/T = 0. 0039 
or -16“C. 


2. Eff.ct of Temperature 

Effects of temperature on mechanical properties of adhesives 
have been studied to some extent. Several helpful review articles have 
appeared dealing with this subject. 
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Figure 28 shows temperature dependence of short-time tensile- 
shear strength of various adhesives. Strengths of adhesives, like 

strengths of metals, decrease with increasing temperature. 


tf} 

a 

O 

O 

O 


o» 

c 

m 

5) 

w 

O 


<n 

I 



Temperature (®F) 

Figure 28. Temperature Dependence of Short-Time 
Tensile- Shear Strengths of Various Classes of Adhe- 
sives (Kausen)®^ 


Figure 29 shows effects of time at temperature on tensile-shear 
strengths of joints bonded with various adhesives At elevated 
temperatures, strengths of adhesive-bonded joints generally decrease 
with time. 

Kausen’s survey®^ includes strengths of adhesives at low tempera- 
ture. Figure 30 summarizes tensile-shear strengths of various adhesive 
types. Different adhesives showed different temperature effects. At 
temperatures near room temperature , some adhesives show increasing 
strength with decreasing temperature. At very low temperatures, 
however, most adhesives have low strengths. 


3. Effects of Environment 

The performance of adhesive -bonded aluminum lap joints 
when exposed for long periods to various environments was studied 
by Olson, et al. They studied joints in both stressed and unstressed 
states, using Florida and Panama sites for the exposure. They found 
that the adhesives lost considerable strength in outdoor exposure, and 
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Figure 29. Effect of Time at Temperature on Tensile- 
Shear Strengths of Joints Bonded with Various Adhe- 
sives (Kausen)®^ 



Figure 30, Tensile- Shear Strengths of Adhesive 
Systems for Cryogenic Service as a Function of 
Temperature (Kausen)®^ 




in general the Florida site was more detrimental than the Panama site. 
They also found that exposure in the stressed condition accelerated the 
effect of the environment. 

Sharpe used this final conclusion as a basis for studies on the 
effects of humidity on the strength of adhesive joints. Earlier tests 
have shown that certain epoxy adhesives absorb large quantities of 
moisture and, in this wet condition, show a marked decrease in 
strength. However, in these tests the joints have been submerged in 
water in an unstressed condition, removed, and then stressed to failure. 
This does not take into account what will more likely occur in a practical 
situation - stress and moisture exposure being simultaneously present 
for a long period. Sharpe felt that this simultaneous effect was crucial 
when testing adhesive joints for aging or durability. His work took this 
into account, and the results indicated that moisture affects the ability 
of a joint to bear prolonged mechanical stress. 

He subjected adhesive joints to shear stress in a high-humidity 
environment with mildly elevated temperature. The stress needed for 
short-term failure under these conditions was much less than for 
conditions of low humidity and identical temperature. This was true 
for all adhesives that Sharpe examined, although there was wide variation 
among adhesives in the stress required for failure. 

From these tests, Sharpe drew the following conclusions: 

1) The ability of an adhesive joint to bear prolonged stress is 
decreased markedly by moisture. 

2) The failure of adhesive joints simultaneously subjected to 
stress, humidity, and mildly elevated temperature is not 
creep-induced. It is catastrophic. The mechanism of failure 
is unknown. 

3) The significance of joint performance in the test in relation 

to performance of a bonded structure in a service environment 
is unknown. However, one is inclined to Be more confident 
of an adhesive which survives for 100 days in the test than of 
one which survives for 10 days. 

4) The test is very useful for determining the relative efficacy 
of various prebond surface treatments, 

Yeager recently studied the effects of extreme temperatures on 
adhesive systems, using commercial adhesives. The systems were 
exposed to simulated reentry heating, lunar orbiting, and heated space 
vacuum. They were then evaluated for strength at temperatures ranging 
from -320° to 3000 °F. In the tests, substructure bonding to both solid 
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ablators and to honeycomb were evaluated. Two commercial epoxy 
phenolic adhesive systems were evaluated for attachment of a filled 
core to a metal substructure. Evaluations were made for lap tensile 
shear strength and for flatwise tensile strength for steel-to-steel and 
filler -to-steel joints. 

Steel-to-steel tensile shear strength was measured after a 30- 
minute exposure to various temperatures. All failures occurred 
cohesively within the adhesive. Each of the two systems mentioned 
above was exposed to a 14-day soak test at 250 under 10 ^ mm Hg. 
Tests were made at room temperature, and neither showed a reduction 
in bond strength. The steel-to-steel flatwise tensile strength com- 
parisons after a 30-minute exposure to various temperatures showed 
the same results as above. 


56 


Section VIII. DESIGN AND FABRICATION PROBLEMS 


1. Background 

There are a number of problems regarding design and fabrica- 
tion that affect the strength of adhesive-bonded metal structures. This 
section describes briefly design and fabrication problems related to 
fundamentals of deformation and fracture of adhesive -bonded joints. 

They will be discussed under major categories as follows: 

1) Empirical methods of joint design. 

2) Effect of metal surface on the strength of adhesive-bonded 
joints. 

3) Effects of setting of the adhesives and residual stresses 
on the strength of joints. 

2. Empirical Methods of Joint Design 

With an empirical method of design, we hope to provide a 
simple relationship between experimental data and design criteria. 

This relationship may be based on simplifying more complex analyses, 
on experience with known, proven methods, or merely on engineering 
judgment. In lap-joint design, all of these approaches have been used 
to some extent. 

The use of strength data from simple lap-joint tests would be an 
ideal method of joint design because the information is readily available. 
The best variable to use from such information would be that of average 
shear strength of the adhesive { t ^). The adhesive usually acts as a 
shear -transfer medium in lap-joint structure, and this property is best 
given by shear strength. 

The lap-joint strength = P/A can be expressed as a function of 
K, commonly called the joint factor, where K represents various forms 
of overlap length to adher end thickness ratio: 

Ta = f (K) . (34) 

Table III lists formulas for the joint factor K proposed by different 
investigators . 
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Table III. Formulas for the Joint Factor, K, for a Lap Joint^^ 


Investigator 

K 

90 

DeBruyne 

^/L 

91 

Sheridan and Merriman 

L/ti 

Tombach^^ 

A(L/\/t7)B 

93 

Brown 

A + B i'^/h) 

93 

Brown 



where L is overlap length, tj and are adher end thicknes s , and A and 
B are constants. 

In using strength data for joint design, an engineer must decide 
whether it will be representative of data that might be expected from 
production assemblies. Criteria must be set up concerning the ranges 
of the joint factor that are acceptable for design purposes. 

Houwink and DeBruyne^ have related this empirical method to a 
more complex rational analysis. They started with Volkersen^s result 
for a lap joint without bending, 

-J21 = A coth A (J5) 

"’’a 


where is maximum shear stress and is average shear stress. 




(36) 


where (refer to Figure 4 for symbols) 


= 


El tg^tj 


(37) 


For a series of joints then bonded with the same adhesive, A is a function 
of L/tj , and therefore 

= f (L/ti) , (38) 


which is the same result obtained previously. 
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A major advantage of the empirical method of design is that the 
lap-joint tests are simple and economical to make. Thus far, it has 
been a workable method. However, there are several disadvantages 
of the method: 

1) A large number of lap-joint tests are required to develop 
the curves of = f(L/ti). 

2) The curve, when obtained, is good only for a specific set of 
conditions and a specific test temperature. Any change, for 
example in surface treatment or in the temperatures at 
which the structure would be used, would require new tests. 
Elastic properties should not be as greatly affected by these 
factors as strength properties. Still, this disadvantage will 
be true to some extent for other tests, such as the torsion 
cylinder. 

3) The method provides no information on properties of the joint 
up to and just prior to failure. It is based solely on inelastic 
joint properties. 

4) Compared to what the joint can actually withstand in a structure, 
the information is probably very conservative. This is because 
the adhesive in a lap joint is* subject to a more complex stress 
field with high normal stresses present. This causes failure 

at a lower level than in a structure where the joint has been 
designed to minimize the peel forces. 

3. Effect of Metal Surface on the Strength of Adhesive- Bonded Joints 

Surface preparation of the adherends can have a substantial 
effect on the strength of an adhesive-bonded joint. There have been 
several investigations on this subject. Matting and Ulmar^"^ used three 
different adhesives in measuring shear strength of an aluminum- copper - 
magnesium alloy joint. From these studies, they rated different methods 
of surface preparation as follows: degreasing 1, polishing 4, grinding 

5. 5, acid pickling 6, and grinding and pickling 7. Higher numbers 
indicate higher strengths. The concluded that even though a surface 
is degreased, it must also be chemically or mechanically activated if 
maximum strength is to be attained. They found similar differences 
in bond quality for steel surfaces, but the surfaces that were only 
degreased were less inferior than with the alloy. 

Levine, et al., studied surface treatment by comparing the 
contact angle of an epoxy resin on steel panels with the tensile shear 
strength of the joint. They were able to show the efficiency of various 
solvents and of sonic treatments through decrease of the apparent 
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contact angle and an associated increase in bond strength* Their work 
involved use of solvents, mechanical treatments, and chemical treat- 
ments. Grit blasting was a mechanical means shown to be quite 
effective by this study. Other references of interest in this area include 
Salmon, who analyzed the balance between chemical and mechanical 
factors in the surface treatment of steel, and Schliekelmann.^^ 

Schonhorn and Sharpe^^ correlated the rates of setting, wetting, 
and spreading in regard to adhesive-bond strength. They distinguished 
three conditions: 

1) At low temperatures, where the adhesive surface does not 
flow, maximum joint strength will be attained if the wetting 
equilibrium is reached before the adhesive resin starts to 
set. 

2) Poor bonds will result if setting takes place before wetting 
is completed. 

3) High bond strength will result, regardless of the previous 
degree of wetting, if after-curing at high temperatures allows 
the adherend to become mobile enough to spread on the 
hardened adhesive. 

Forest Products Laboratory^®'^^'^°° conducted tests on surface 
treatment of clad 24S-T3 aluminum alloy. The methods of treatment 
employed included vapor degreasing, meta-silicate degreasing, abrading, 
and various acid treatments. The method found to result in best bond 
strength used a sulfuric acid, sodium dichromate solution. The alloy 
was prepared by wiping with a solvent, immersing for 10 minutes in a 
140® to 150 ®F solution of 10 parts sulfuric acid, 1 part sodium dichro- 
mate, and 30 parts water, rinsing, and drying. Joints prepared in 
this manner proved superior both in original strengths and after salt- 
water-spray exposure. 

There are a large number of reports concerning preparation of 
other metals, such as bare aluminum alloys, magnesium, stainless and 
alloy steels, and titanium. Comparative 

rankings of effectiveness of different surface treatments obtained by 
different investigators are often inconsistent. 


4. Effects of Setting of the Adhesives and Residual Stresses on the Strength of Joints 

In the adhesive-bonding process, an adhesive undergoes a 
transition from a soft and viscous state to a fixed or hardened state by 
chemical or physical actions, such as condensation, polymerization, 
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oxidation, vulcanization, gelation, hydration, or evaporation of volatile 
constituents. This group of phenomena is called setting or curing. 
Physical and mechanical properties change during setting. Maximum 
strength is usually obtained after complete setting. 

All adhesives shrink as they set. This may be due to cooling, to 
loss of solvent, or to chemical changes, depending on the type of 
adhesive and application. The differential contractions between the 
adhesive and the adherend induces residual stresses in the adhesive- 
bonded joint. In most cases, high tensile stresses in the direction 
parallel to the joint are produced in the adhesive. Aleck^^^ calculated 
the stress distribution at the interface due to thermal contraction. 

The important conclusion was that the greatest stresses occur at the 
ends of the interface. Residual stresses in the adhesive-bonded joints 
have been analyzed approximately by Dietz, et al. , for thin, rigid 
adhesive lines, and by DeBruyne and Mylonas^ for deformable adhesive 
layers of finite thickness. 

High tensile residual stresses in the adhesive can affect the strength 
of the joint when certain conditions are present. Extensive research 
has been performed during the last decade on the fracture strength of 
fusion- welded steel structures. It has been found that: 

1) The effect of residual stresses is negligible when the material 
is ductile; fracture occurs after considerable plastic deforma- 
tion. 

2) The effect of residuaDstr esses can be significant when the 
material is brittle; fracture occurs with little plastic deforma- 
tion. 

When the material is brittle and a notch is located in an area containing 
high tensile residual stresses, fracture can initiate from the notch and 
propagate even when the applied stress is considerably lower than the 
yield strength of the material. The low-applied- stress fracture of 
fusion-welded steel specimens has been demonstrated by several 
investigators, including Wells, Kihara and Masubuchi/^^ and 
Hall, et al. 

Very limited attention has been given to the effect of residual 
stresses on the fracture strength of adhesive-bonded joints. On the 
basis of the information obtained on fusion-welded specimens, the 
effect of residual stresses on the strength of adhesive-bonded joints 
will be significant only when the adhesive is brittle. Residual stresses 
may be an important factor for reducing the strength of the adhesive- 
bonded joint at cryogenic temperatures. More study is needed on this 
subject. 
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Chapter 2 

MECHANISMS OF DEFORMATION OF METAL-ADHESIVE INTERFACES 


Section I. INTRODUCTION AND BACKGROUND 


One of the possible failure modes of adhesive -bonded joints is by 
gross plastic deformation of the adherends. Such failures have been 
observed in lap- shear specimens composed of relatively weak adherends, 
such as annealed aluminum or titanium, bonded with some of the 
stronger modified epoxy adhesives. When failures by adherend 
deformation are encountered, investigators have simply avoided them 
by using thicker -than- standard adherend strips or by decreasing the 
overlap of the joint from the standard one -half -inch value. Similar 
practice has been followed with respect to design of joints intended for 
service. Joint dimensions have been adjusted to result in failure in 
the bond line. 

Apparently no attention has been paid to the occurrence of adherend 
plastic flow, to its influence on joint strength, or to the influence of 
the adhesive on the onset of such flow. However, it is likely that at 
least small amounts of adherend plastic flow can occur in adhesive- 
bonded joints, especially at edges and corners of the bonded area. It 
has been pointed out previously in this report that these edges and 
corners are regions of stress concentration. A great body of literature 
exists on the theoretical and experimentally observed details of plastic 
deformation in solids. A portion of this literature is devoted to the 
influences of free surfaces and interfaces on plastic flow. None of the 
literature deals specifically with films of adhesives, but it is probable 
that some of the known principles set out in the literature can be applied 
to the case of metals coated with adhesives. 

Therefore, a discussion of the mechanisms of plastic deformation 
of solids will be presented in this section of the report, beginning with 
some of the properties of dislocations. It is recognized that very little 
of the theoretical work on dislocations in metals^^^’^^^’^^^ has a direct 
bearing on adhesive-bonded joints. Nevertheless, a brief discussion 
of some aspects is included here for perspective. 


1. Plastic Deformation and Dislocations 

The basic unit of plastic flow in crystalline solids is the 
structural defect known as dislocation. Plastic flow by motion of 
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dislocations has been amply demonstrated not only in metals, but also 
in ionic crystals and in crystalline ceramics. Dislocations are line 
defects within single-crystal lattices. They can extend along different 
paths through the crystal, though some paths are preferred, but they 
cannot end within a crystal. In polycrystalline materials, the crystal 
boundaries usually serve to limit and confine dislocations. It is 
virtually impossible to create crystalline materials entirely free from 
dislocations, though carefully grown and well annealed crystals may 
have remarkably few - as few as 100 dislocation lines passing through 
any given square-centimeter cross section. 

On application of mechanical stress to a crystal, there is little 
or no motion of the preexistent dislocations in the elastic stress region. 
At a stress in the neighborhood of the engineering yield stress, however, 
two things happen: there may be a significant amount of motion of 

existing dislocations, and there will certainly be a generation of large 
numbers of fresh dislocations from sources within or at the boundaries 
of the individual crystals in the solid. It is this dislocation multiplication 
that gives rise to microscopic and macroscopic slip. The interferences 
and interactions among the dislocations produced results in the well- 
known phenomenon of strain hardening. Passage of a single dislocation 
through a crystal will produce an amount of slip in the crystal equal to 
the length of the Burgers vector of the dislocation. This length is 
usually of the same order as the side length of the crystal unit cell, 
or about three to four angstrom units (three to four x 10’® centimeters). 
Thus, it can be seen that motion of enormous numbers of dislocations 
is required to produce large amounts of plastic flow. Dislocation 
densities up to 10 per square centimeter are common in heavily 
deformed metals. With such high concentrations of dislocations, their 
spatial arrangements are hopelessly complex, and it is no longer 
possible to make observations of the behavior of individual dislocations. 

During at least the early stages of plastic flow, before the disloca- 
tion density has increased more than a few orders of magnitude, motion 
of dislocations in response to an external applied stress is along fairly 
well defined crystallographic planes and in definite crystallographic 
directions. It has already been pointed out that a certain value of 
applied stress is required to initiate appreciable dislocation motion. 

This stress is known as critical shear stress and can be determined 
for any slip plane relative to the applied external stress direction. 

In a polycrystal, unless a strong preferred orientation texture is 
present, it follows that from random variation certain crystals in the 
mass will be oriented so as to have higher resolved shear stresses on 
their slip planes than exist in surrounding crystals. Slip will tend to 
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take place first in these isolated, favorably oriented crystals. Only as 
the applied stress is further increased will the deformation become 
general throughout the solid. 


2. Boundaries and Dislocations 

The detailed structure of the general, or high-angle, grain 
boundary between crystals is not known. It is probable that there is 
no single structure, but that crystals simply fit together as best they 
may. Grain boundaries have higher energy than the crystals them- 
selves and act as both sources and sinks for dislocations. 


When crystals do not differ in orientation by more than about 17 
degrees, a simpler boundary can exist between them, known as a 
low-angle boundary. In its simplest form, a low-angle boundary consists 
either of a parallel array of evenly spaced edge dislocations (a tilt 
boundary) or of a square array of screw dislocations (a twist boundary). 

If both tilt and twist components exist between the lattices of the crystals, 
or if the boundary is curved, the dislocation array becomes more com- 
plex. The boundary structure is still simple compared with a high- 
angle boundary, however , 


So far, the discussion has assumed that the crystals on either side 
of the boundary are composed of the same material. If the boundary 
in question is one between, say, a precipitate particle and its matrix, 
or between a metal and its oxide, mismatching, even between parallel 
crystal lattices, will exist. This type of mismatching is due solely to 
the fact that crystal structures, and hence lattice parameters, are 
different on either side of the boundary. 


The dislocation arrays in low-angle boundaries and between 

boundaries of different crystalline phases have been studied by thin-film 

1 . . 4 . • 122 > 123 , 124 , 125 , 126 

electron microscopy techniques. > > > > 


The adhesive -adher end interface is also a boundary between dis- 
similar materials. However, the adhesives as a class fail to meet 
the requirements of crystallinity that is necessary for the existence 
of boundary dislocation arrays at the interface. Although some plastics 
that could conceivably be used as adhesives possess a limited degree 
of crystallinity, it is probably safe to assume that adhesives are 
amorphous. Mechanisms for the influence of adhesive films on plastic 
flow of metal adherends must not assume the existence of boundary 
dislocation arrays. 
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3. Dislocation Sources 


Sources for the large numbers of dislocations necessary for 
plastic flow can at least be grain boundaries, inclusions, vacancy 
clusters, precipitate particles, surface irregularities, and dislocations 
themselves (the Frank-Read source). An activation energy is associated 
with the operation of any of these sources. This energy is usually 
supplied by the external applied stress. Sources of dislocations can 
be located at or beneath the surface of the crystal. Fisher^^^ has 
shown that for a Frank-Read type of source, whose activation energy 
is a function of the source length, a surface source can operate at one- 
half the applied stress required to activate an interior source of the 
same length. Thus, surface sources, if they are not blocked by the 
action of films, will generally tend to be the origin of the first slip 
taking place on the application of increasing stress. 


4. Dislocation Pileup 

In addition to blocking of surface dislocation sources, films 
and layers of dissimilar materials can also act to block the escape of 
moving dislocations from within the crystal. When dislocations are 
blocked, pileups of dislocations are formed on the active slip planes. 
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Section II. EFFECTS OF SURFACE FILMS ON STRENGTH 


Presence of surface films will generally result in increased 
strength in metals. The observed strengthening is often greater than 
can be accounted for solely on the basis of the strength of the film 
itself. It is therefore reasoned that one or both of the previously- 
mentioned mechanisms, suppression of surface dislocation sources 
or blocking of emerging dislocations, must be operative. The strengthen- 
ing effects of films may appear as a decreased amount of slip and an 
increased rate of work hardening, or there may also be an increased 
yield strength. In some cases, yield strength is scarcely affected by 
the presence of a film. It should be noted that obtaining a film-free 
specimen and preventing formation of at least an adsorbed moisture, 
oxygen, or oxide film during testing presents serious experimental 
difficulties. Films form in fractions of a second at atmospheric 
pressure. 

129 

Kramer and Demer have summarized the effects of environment 
on the mechanical properties of metals. In categorizing the literature, 
they recognized two classes of films: (1) oxide and metal films and 

(2) surface-active agents and electrolytes. 

Adhesives fall into the second category, since they are subject to 
the same physico-chemical laws of surface wetting as surface-active 
agents. The adhesive joint, however, is seldom directly between the 
adhesive and the metal adherend. The cleaning procedures used to 
prepare the adherend surface leave films interposed between the metal 
and the adhesive. The compositions of these films may be complex, 
since the surface conditioning solutions often consist of combinations 
of chlorides, nitrates, fluorides, phosphates, or chromates. Inorganic 
films such as these would behave similarly to Kramer and Demer’s 
first category - oxide and metal films. 


1. Oxide and Metal Films 

The strengthening effect of oxide films on metal crystals was 

first noted by Roscoe for cadmium in 1934 and has become known as 

the Roscoe effect. Roscoe attempted to explain the effect in terms 

of healing of surface cracks by the films, an explanation that had been 
® 131 

previously advanced by Joffe to account for the strengthening of rock 
salt immersed in water. The crack healing mechanism for metal 
crystals is today considered to be much less likely than the mechanisms 
involving dislocations. The reader is referred to the comprehensive 
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discussion by Kramer and Demer, which includes the effects of oxide 
and metal films on yield point, plastic deformation by slip and twinning, 
microscopic features of deformation, fracture, internal friction, creep, 
and fatigue. Although most of the data presented are for single crystals, 
some results are reported for polycrystals. 

a. Dislocation Theory 

Takamura, studying oxide films on aluminum single 
crystals, noted a tendency for the crystals to twist as well as to extend 
in the tension direction when pulled. The twisting effect, which would 
have been overlooked if the test equipment had not had a rotational 
degree of freedom, began at stresses much below the yield stress. 
Takamura attributed the twisting to fine slip taking place even in the 
so-called elastic region of the specimens, and hypothesized that the 
dislocations were being held up at the surface by the presence of an 
oxide film. 

Fleischer and Chalmers, in their investigation of size effects 
in deformation of aluminum, calculated that, to explain some of their 
results, the strength of the oxide film- had to be approximately equal 
to the theoretical strength of a perfect solid. 

Head has suggested that, for a film to interfere effectively 
with the motion of dislocations, the film must have a shear modulus 
higher than that of the crystal. The shear modulus of aluminum oxide 
is higher than that of aluminum, which leads to the prediction that 
aluminum oxide films should be effective in restraining rnotion of 
dislocations near the surface. Experimentally, this appears to be the 
case, since Makin and Andrade^^^ have reported a significant size 
effect on strength of aluminum crystals coated with oxide films. In 
the case of copper, the oxides of which have lower shear moduli than 
copper itself, Suzuki, Ikeda, and Takeuchi did not find a size effect 
attributable to the presence of the films. 

b. Critical Shear Stress 

Rosi, working with silver-plated copper crystals, found 
that the critical shear stress for the onset of plastic flow was not 
appreciably increased by the silver unless the specimen had previously 
been given a thermal treatment to diffuse silver into the surface. This 
observation is interpreted as meaning that the dislocation sources near 
the surface are suppressed by presence of the foreign silver atoms 
in the copper lattice. 
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Adams found that he could induce a yield point in copper crystals 
that had been coated with zinc, prestrained slightly, and diffusion 
annealed. The yield point was observed only at intermediate zinc 
levels. Neither pure copper crystals nor highly zincified crystals 
showed a yield point. The explanation proposed is that plastic flow 
in pure copper initiates at easily-activated surface sources. In heavily 
zincified crystals, these sources are completely blocked, and flow is 
initiated at sources within the crystal. At intermediate levels of zincifi- 
cation, it is proposed that the surface sources are only partially blocked, 
so that plastic flow still initiates from them, but at higher stresses than 
in pure copper, and with a yield point. 

c. Stress -Strain Curve 

Takamura, et al. , observed that the strengthening 
effects of oxide films on aluminum crystals persisted throughout the 
stress -strain curve. They found, however, that the strengthening 
effect of a thin (100 A) film was greater than that of a thicker (500 A) 
film. 

13 9 

Garstone, Honeycombe, and Greetham found that nickel-chromium 
plating of copper single crystals eliminated the Stage I, or easy glide, 
portion of the stress-strain curve. Strain hardening began immediately 
after yielding. Jemian^ found a similar effect in chromium-plated 
and epoxy-coated specimens of OFHC copper having a bamboo structure. 
He also reported an increase in ultimate tensile strength in both cases. 
Rosi found that his silver-plated copper crystals, as compared to a 
nitric acid-etched crystal, showed no change in the shape of the stress- 
strain curve. When the plated crystals were diffused, not only was the 
yield stress increased as previously noted, but an easy glide region 
appeared in the stress-strain curve. Appearance of the easy glide 
region is consistent with the behavior of copper when alloyed in bulk 
with silver. The similar behavior when silver was present only in the 
region near the crystal surface underscores the importance of surfaces 
in determining plastic flow behavior of metals. Chalmers and Davis^"^^ 
were able to show that a substructure of low-angle boundaries, formed 
after straining and annealing aluminum crystals, consisted of dislocations 
of sign such that they must have come from the crystal surface. 

d. Creep 

Oxide layers have been shown by Sweetland and Parker^^^ 
to increase the creep strengths of polycrystalline copper and aluminum. 
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Elastic Aftereffect 


e. 


142 

Cochardt has studied the aftereffects of straining in 
polycrystalline aluminum and copper wires. The wires were first 
strained two percent in torsion at room temperature under a helium 
atmosphere. Their room temperature strain recovery was observed 
to be of the normal sort observed with the elastic aftereffect, and 
consisted of a gradual decrease of torsional strain with time. Cochardt 
then increased the ambient temperatures of the specimens to within the 
300® to 700 ®C range. Aluminum specimens continued to untwist, which 
was interpreted as being the result of continued dissipation of dislocation 
arrays piled up behind the relatively strong oxide layer on aluminum. 
Retwisting (the Barrett anomalous aftereffect) was observed in the 
copper, which can be explained on the supposition that, instead of 
dissipating back into the crystals by reverse slip and climb, the dis- 
location pileups disappear by penetrating the oxide layer, which is 
relatively weak in the case of copper, and which is further weakened 
by the increased temperature. 

Jemian and Law, in as -yet unpublished results, have observed 
retwisting of copper wires upon removal of a zinc coating. This observa- 
tion is important, since Young’s modulus for zinc is lower than that of 
copper. Thus, according to Head, zinc should not be effective in 
restraining dislocations at a copper-zinc coating interface. 


2. Surface-Active Agents and Electrolytes 

Surface-active agents, often called surfactants, are polar 
organic compounds whose molecular properties cause them to be 
strongly adsorbed on solid surfaces, including metals. The adsorption 
tendency results from the presence of certain specific atom groups 
in the surfactant molecule. These active groups are the attachment 
points of the molecules to the surface. In some cases, the surface 
will not strongly adsorb until some metal oxide has been formed or 
unless some water is present. In other cases, the metal surface 
must be microscopically clean and chemically active for the adsorption 
to occur, Kramer has related the adsorption of surfactants on clean 
surfaces to the emission of exo-electrons known to occur from freshly 
abraded metal surfaces , Kramer, having invariably detected 

the presence of soaps of the adsorbant metals in the aqueous solutions 
surrounding the metals, favors a chemisorption mechanism over 
physical adsorption. Whatever the mechanism, the adsorption process 
is one involving a decrease in surface-free energy and follows the usual 
sort of thermodynamic equations describing wetting phenomena. The 
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mathematics is reviewed by Kramer and Demer^^^ and will not be 
restated here. 

Compared with the thicknesses of oxide films, surfactant layers 
are relatively thin, being limited to one or two molecules thick. The 
observed rates of formation of metal soap monolayers are often of 
the order of hours, much slower than for formation of oxide films in 
air. 


Much of the fundamental work on the effect of surface-active agents 
on mechanical properties of metals has been done by Rehbinder and his 
co-workers. The increase in creep rate that occurs in both nonmetals 
and metals in the presence of such materials as straight-chain 
aliphatic acids is known as the Rehbinder effect. It is characteristic 
of the Rehbinder effect that, as the concentration of the acid in the 
nonaqueous solvent surrounding the loaded specimen is increased, the 
measured creep rate passes through a maximum value. Both the 
maximum creep rate increase and the surfactant concentration at which 
it occurs are different for different surfactants. The change in creep 
rate may be as high as 200 percent, and creep rate maxima occur 
at surfactant concentrations between 0.01 and 1 mole per liter. 

Kramer has given an up-to-date explanation of the Rehbinder effect 
as being a sort of corrosion of the metal surface to form metal salts 
(soaps) of the organic acid surfactants. At low surfactant concentra- 
tions, soaps are rapidly formed, but there are relatively few acid 
molecules present, so the metal removal rate is low. If the metal 
removal rate is low, the removal rate of dislocation pileups near the 
surface will also be low. As the surfactant concentration is increased, 
the removal rate of metal and surface dislocation pileups will increase. 
The increase will show up as an increase in creep rate. With further 
increase in surfactant concentration, however, the solution boundary 
layer will quickly become saturated with soap and will become the rate- 
limiting step. Adsorption of the surfactant molecules will also increase 
with increasing concentration and will act to block an increasing fraction 
of the surface from the saponification reaction. Therefore, there will 
be a decrease in creep rate at high surfactant concentrations, although 
the creep rate will always be higher than specimens creep tested without 
the presence of surfactants. 

Some investigations have been conducted of the effects of relatively 
dilute aqueous electrolytes on the shape of the stress-strain curve. 
These are discussed by Kramer and Demer, but are not included here 
because it is difficult to see any relationship between this work and the 
effects of films of organic adhesives on metal properties. 
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3. Polymer Films 


Only two reported investigations were found in which the effects 
of polymer films on the strength of metal crystals have been studied. 
These were the work of Metzger and Read^^^ and Jemian. ^ Personal 
contacts with Professors Metzger and Gilman (Professor Read is 
deceased), who are intimately acquainted with the current worldwide 
activity in this field, failed to disclose any additional published informa- 
tion. 


Metzger and Read's investigation was performed using cadmium 
single crystals. They used etched, plastic-coated, and anodized 
surfaces. The mechanical property observed was the creep rate as 
measured in a constant-stress creep machine. The plastic coatings 
were applied by dipping and withdrawal prior to testing, however. 
Thickness of the plastic coatings was regulated by controlling the 
concentration of the dissolved plastic. 

The effects of two plastics were studied - Formvar and Vulcalock. 
Formvar is a trade name for a series of polyvinyl -methylal resins. 
Vulcalock is a modified isomerized rubber type of cement manufactured 
by the B. F. Goodrich Company and intended for use as a rubber-to- 
metal adhesive. 

Two cadium crystals were coated, one (Specimen D4-1) being 
oriented for easy glide and the other (Specimen Fl-2) being oriented 
with the basal plane seven degrees from the direction of stress applica- 
tion, Basal slip would be difficult to initiate in Specimen Fl-2. Table 
IV gives Metzger and Read's results for different film thicknesses. 
Measurable strengthening effects were found for films thicker than 
700 A. The results of the analysis show that when the strengthening 
effect of the film (column headed "Equivalent Shear Resistance of Film") 
is compared with known shear strengths of the film materials in bulk 
(column headed "Bulk Shear Strength of Film Material"), it appears 
that the strengthening of the crystals, expressed as the initial increase 
in critical shear stress, by the films can be accounted for solely by 
the load-carrying contribution of the films. The films did not act to 
impede dislocation motion in the cadmium crystals. Neither did they 
result in a Rehbinder effect, with its loss of strength. 

The extent to which Formvar and Vulcalock are representative of 
high-performance adhesive systems is not known, and the general 
applicability of Metzger and Read's findings cannot be assessed. Jemian's 
results^ on the effect of epoxy coatings on strength of bamboo-structure 
copper wire specimens show elimination of easy glide and an increase 
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Table IV. Effect of Adherent Plastic Films on the Creep of Cadmium Crystals 
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in ultimate tensile strength due to the epoxy. The amount of the increase 
was smaller, the longer the number of grains per inch in the copper 
(Figure 31). Jemian also reported discontinuous stress- strain curves 
believed to result from penetration of piled up dislocations through the 
copper- epoxy interface, to breaking of the epoxy from the copper, and 
to fracture of the epoxy film. Presence of the epoxy coating also 
changed the character of the observed slip traces from uniform fine 
slip to coarser, irregular slip. 
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Figure 31. Effect of Grain Size on Properties of Wire (Jemian)^ 



Section III. SUMMARY OF MECHANISMS OF DEFORMATION 
OF METAL-ADHESIVE INTERFACES 


In summary, solid films generally increase the mechanical pro- 
perties of yield strength, strain hardening coefficient, creep strength, 
and fatigue strength of single crystal and polycrystalline metals. The 
amount of increase observed depends on the relative shear moduli and 
strengths of the metal and the film. Weak, inert organic films improve 
tensile properties only by an amount equal to the mechanical strength of 
the film, so far as is known. Intimately bonded oxide films may result 
in strengthening effects out of proportion to film thickness. 

Surface- active agents tend to decrease mechanical properties of 
the underlying metals. 

Electrolytes may either increase or decrease the strengths of 
metals. Most work with electrolytes has been done with reference to 
creep strengths. 

Very little study has been made of the effects on metal strength 
of organic materials primarily intended as adhesives, so far as is 
shown. ^ 
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Chapter 3 

CONCLUSIONS AND RECOMMENDATIONS 


Section I. CONCLUSIONS 


There is presently a large amount of data available on mechanical 
properties of various types of adhesive-bonded joints. However, only 
limited information is available on fundamentals of deformation and 
fracture of the joints. 

Today, composite materials are called upon to provide properties 
unattainable in the constituents themselves. Simple materials, acting 
alone, simply cannot meet the diverse and severe demands placed on 
them by today's advanced technologies. The various composites that 
replace them are often fabricated using a variety of adhesives. The 
adhesive-bonded joints are subjected to a wide variety of loading and 
environmental conditions. Because of the complexity, the scientific 
approach to the problem of deformation and fracture information would 
be an efficient way to improve properties of adhesive- bonded joints. 

On the basis of recent advances in various areas of science and techno- 
logy, it is believed that such an approach would yield useful information. 
Some of the areas in which such information could be obtained are dis- 
cussed in the following section. 
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Section II. RECOMMENDATIONS FOR FUTURE RESEARCH 


Research in the following areas would lead to better understanding 
of fundamentals of deformation and fracture of adhesive-bonded joints. 


1. Elastic Stress Distributions in Adhesive-Bonded Joints 

When the magnitude of the external load is relatively low, an 
adhesive-bonded joint deforms elastically. There has been some analy- 
sis of elastic stress distribution in adhesive- bonded joints, as described 
in this report. However, due to the restriction of hand calculation, most 
of the analyses conducted so far have been limited to simple cases. In 
the analysis by Goland and Reissner, for example, studies were made 
on two extreme cases; (1) joints with inflexible adhesive layers, and 
(2) those with flexible adhesive layers. Modern computers should make 
it possible to extend the analysis to more general cases. However, the 
demand for such extension would be less than in other areas where 
virtually no fundamental studies have been made. 


2. Onset of Plostic Deformation 

When the magnitude of the external load is increased, a 
portion of an adhesive-bonded joint will undergo plastic deformation. 

The plastic deformation first occurs at the edge of the joint where stress 
concentrations take place. As the magnitude of the external load is 
increased, the amount of plastic deformation increases and the plastic 
zone expands; however, the gross deformation of the joint does not 
increase significantly, because a large portion of the joint still remains 
elastic. No mathematical analysis has been made of elasto- plastic 
stress distribution in adhesive-bonded joints. On the basis of recent 
development of mathematical theory of plasticity, the analysis of onset 
of plastic deformation in adhesive-bonded joints can be advanced. This 
problem is very important to better understanding of mechanisms of 
fracture in adhesive- bonded joints. 


3. Plastic Deformation of Adhesive-Bonded Joints After General Yielding 

When the external load reaches a certain value, the plastic 
zone extends over the entire width of the joint, resulting in general 
yielding. An exact analysis of stress and strain distributions beyond 
general yielding would be very difficult, because strains can no longer 
be considered infinitesimal. 
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4. Inelastic Deformation Under Sustained Loading 


When the external load is applied for an extended period, 
deformation of an adhesive-bonded joint increases due to inelastic 
deformation of adhesive and/or adherends. The inelastic deformation 
becomes more predominant at higher temperatures. However, because 
stress and strains are functions of time as well as locations in the joint, 
mathematical analysis of the inelastic deformation would be very diffi- 
cult. 


5. Experimental Analyses of Stresses in Adhesive-Bonded Joints 

It is important to determine experimentally the distribution 
of stresses in adhesive- bonded joints. The following techniques that 
have been developed rather recently would be useful for studying stress 
distributions in adhesive-bonded joints; 

1) Photoelastic coating technique. 

2) Three-dimensional photoelasticity. 

A unique advantage of the photoelastic coating technique is that 
stress measurements can be made on actual adhesive-bonded joints 
instead of on a photoelastic model. This technique has been applied to 
a limited extent, but more studies are needed on this subject. 

The three-dimensional photoelasticity technique allows study of 
stress distributions inside the joint and could be quite useful for future 
research. 


6. Micromechanisms of Fracture of Adhesive-Bonded Joints 

Only limited studies have been made on micromechanisms of 
fracture of adhesive-bonded joints. Electron microscopes would be 
useful for studying micromechanisms of fracture of adhesive- bonded 
joints . 


7. Atomic Mechanisms of Fracture of Adhesive-Bonded Joints 

To understand fundamental mechanisms of fracture, it is 
very important to place the mechanisms on an atomic scale. This will 
be very difficult with adhesive- bonded joints, but should be attempted. 
During the last few decades, extensive studies have been made of atomic 
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mechanisms of fracture of metals and other materials which have rather 
regular atomic structures. Since organic adhesives do not have regular 
atomic structures, basic studies need to be made first to determine what 
models should be used. 


8. Effects of Loading and Environmental Conditions on Deformation 
and Frocture of Adhesive-Bonded Joints 

More fundamental studies, analytical or experimental, are 
needed on effects of loading conditions (such as impact and repeated 
loading) and environmental conditions (such as temperature, water, and 
other media) on deformation and fracture of adhesive- bonded joints. 


9. Recommendation for Continuation of Literature Survey 

Because technology is expanding rapidly and new knowledge 
is being gained throughout the world, surveys of fundamental subjects 
are very important. It is becoming more and more difficult for the 
engineer or scientist to keep up to date with new information in his field 
that can be useful in solving technical problems. Thus, it is recom- 
cended that the survey of literature be continued to provide up-to-date 
information to those engaged in research in adhesives bonding and in 
application of adhesives bonding to various structures. This survey 
should cover both practical subjects and fundamental subjects such as 
those discussed in this report. 

An important, logical extension of the present study would be a 
literature survey on fundamentals of deformation and fracture charac- 
teristics of adhesive- bonded structures. The present survey concerned 
such characteristics of adhesive- bonded joints as stress distribution 
and fracture strength. However , it did not cover such structural pro- 
blems as: (1) onset and growth of plastic deformation, (2) fracture, 

(3) buckling, and (4) vibration characteristics of adhesive-bonded metal 
structures. During the last decade, considerable information has been 
gathered on the plastic- limit design concept and the fracture- safe design 
concept. The feasibility of applying such new concepts for the design 
of adhesive-bonded structures should also be surveyed. 
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